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SUMMARY
The effectiveness of single-pole autoreclosure in maintaining 
power system stability is largely determined by the speed with which 
secondary arc extinction and hence autoreclosure can be achieved. 
Realistic simulation techniques are of obvious importance in relation 
to the design of systems employing single pole autoreclosure and, in 
this thesis, digital methods are developed to enable the faulted 
response of e.h.v. feeders subjected to secondary arcing phenomena 
to be more realistically simulated than hitherto had been possible.
The new techniques are also of importance in relation to programmable 
based protection test equipment. The realistic simulation of the 
secondary arcing phenomena is of obvious importance in relation to 
pre-determining the shunt reactor compensation necessary to achieve 
acceptable autoreclosure dead-times in long line applications. Based 
upon experimental data, methods of modelling the non-linear behaviour 
of the earth fault arc path in both conducting and extinction states 
are described, together with the techniques developed for incorporating 
such models into practical e.h.v. system interconnections. The thesis 
concludes by illustrating and discussing the results of computational 
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It is well known that the majority of all line faults affecting 
e.h.v. networks are of the single-line-to-ground type and that most of 
these are transitory. From the standpoint of minimizing the disturbances, 
especially loss of synchronism, caused by such faults, it is desirable 
to clear them by opening the breaker poles of the faulted phase and to 
reclose them rapidly
With regard to the cost of transmission lines, the increasing 
difficulty in obtaining rights-of-way and the growth of the system 
voltages, the question of attaining a good balance between cost and 
security leads to serious consideration of single-pole switching as 
a means of attaining this balance. Further, for a variety of reasons, 
there appears to be many cases where only a single transmission circuit 
is used. In such case, single-pole switching is almost a necessity.
It is obvious that for a multi-phase fault, single-phase switching 
is not applicable. The modern approach is not to confine attention 
to the most severe cases, but rather to look at the whole spectrum 
of disturbances from a probabilistic point of view. The search for 
improved system performance in the case of a single phase-to-ground 
fault is in line with this outlook.
The required dead time (dead time is here defined as the period of 
time in which the whole line or just one phase of it remains de-energised) 
for single-pole switching is considerably longer than for three-phase 
switching, if no special measures are taken. In the past, single-pole
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switching (s.p.s.) was little used, since the techniques which could
permit sufficiently fast autoreclosure in such schemes were not
developed^^^. It is for this reason that three-phase switching of lines
was generally the solution adopted. The fact that the necessary dead
time increased with the length and voltage of the transmission line
C2)further discouraged the use of s.p.s.
The duration of the short circuit current is dependent only on
the speed of the circuit breaker and associated relay equipment. For
successful autoreclosure, the necessary dead time which must be allowed
is dictated by the speed of the extinction of the secondary arc and
the recovery of the dielectric strength of the fault path, and not by
the mechanical reclosing time of the circuit breakers. When a line-
to-ground fault is isolated by s.p.s., the current flowing in the
fault path does not extinguish instantaneously. As a result of the
capacitive and inductive coupling of the switched phase with the sound
phases, a secondary arc current will continue to flow in the highly
ionized fault path. As the arc path is elongated and cooled, a successful
extinction may take place in one of the zero values of the residual 
C3)current . Here again, the sound phases will determine the recovery 
voltage (the recovery voltage is defined as the phase to earth voltage 
induced in the de-energized conductor at the fault point subsequent 
to the current extinction), which will determine whether a further 
re-strike may take place. At the time of re-energization of the 
switched phase the residual fault path has to withstand the normal 
phase voltage plus any transient over-voltage due to the reclosure, 
if a successful operation is to result.
The principal factors associated with s.p.s., that determine the 
probability of extinction of residual (or secondary) arcing fault in 
a given time are believed to be:
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1. Effective value of steady state residual fault 
current.
2. The magnitude and rate of rise of the recovery 
voltage.
3. Length of air gap.
4. Effective value and duration of short circuit 
current.
5. Weather.
Items 1 and 2 are the most important factors. It depends mainly
on system voltage, line length, and loading conditions. The magnitude
of the secondary arc current and recovery voltage can be reduced by
transposition^^*^'^^, and by using high conductivity earth wires^^\
The magnitude and duration of the short circuit current as well as the
(8)wind strength have a certain influence on the extinction time 
(9)Maikopar provides data regarding the duration of the required pause 
in three-pole and single pole switching for transmission lines up to 
400 kV. He concludes that the necessary dead time for s.p.s., with 
20A (r.m.s.) residual current, may be taken as 0.4 second. With an 
80A secondary arc, the dead time should be increased to 1.8 seconds.
The relation between system voltage, line length, and extinction
. (8)time, has been described by Ozaki . The author shows that, with a 
secondary arc current of about 20A, the average extinction time is 
10-15 cycles. It also shows that, for 500 kV system, the extinction 
time is 15-20 cycles, for a line length of approximately 100 km, from 
15-25 cycles for a line length of approximately 150 km, and more than 
25 cycles for a line length of approximately 250 km. Other laboratory 
tests on 400 kV s y s t e m s h o w  that for recovery voltages higher than 
20 kV extinction time increases with an increase of the secondary arc
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current, while for lower recovery voltages the extinction time is 
practically independent cm the value of the secondary arc current in 
the range examined (18-43A) , and in all cases lower than 0.15s. While, 
if the recovery voltage is over 50 kV (r.m.s.), extinction time becomes 
extremely long.
Based on the above results, it is seen that the dead time can be 
too long and consequently can eliminate the use of s.p.s. for stability 
considerations. Therefore, the length of the line sections where s.p.s. 
is used has to be limited so that the limiting magnitudes of residual 
current and recovery voltage are not exceeded.
The continuous increase in transmission voltage over long distances
has emphasised the importance in e.h.v. systems of the excessive line
reactive power and the associated means to control them so that a
reasonably constant voltage along the line can be maintained. In
particularly long a.c, lines energized through relatively weak sources,
the adoption of shunt reactors to compensate a portion of the line
charging volt-amperes reactive (VAR's) is an indispensable method for
excessive voltage and reactive power control^^^^. High voltage shunt
reactors connected to the line may increase the induced voltage in the
(12 13)disconnected phase * . Resonance may occur in conjunction with a
high degree of compensation, where voltages on the disconnected phase 
may exceed the normal voltage to ground. However, the magnitude of 
the secondary arc current changes only insignificantly when shunt com­
pensation is introduced. This means that the arc extinction is not 
necessarily more difficult, as long as the resonance region is avoided. 
A high degree of shunt compensation will probably nevertheless make 
single-pole reclosing impossible, unless special measures are taken to 
limit the induced voltage on the disconnected phase.
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In 1962 Knudsen^^^^ proposed a method for reducing the capacitively 
induced voltage, and thus also the secondary arc current, for shunt 
compensated lines to such low values that single-pole reclosing could 
be used for longer lines and for higher degree of shunt compensation 
than would otherwise be possible. Independently of Knudsen, Kimbark^^^^ 
proposed the same system solution two years later. According to Knudsen 
the capacitive coupling can be reduced or completely eliminated, if the 
shunt reactors are designed so that their zero-sequence reactance becomes 
greater than their positive sequence reactance (x^/x^ > 1.0). This can 
be brought about by installing a separate reactor between earth and 
neutral of a star connected shunt reactor connected to the line. The 
neutral point reactor will be small in relation to the main reactor.
This means that the cost of this reactor arrangement will be only 
slightly higher than a conventional shunt reactor. M a i k o p a r h a s  
also suggested the installation of a neutral reactor to avoid the 
resonance conditions, but the author does not mention the possibility
of reducing the secondary arc current.
Relevant results of staged fault tests have been published in the 
description of the first practical application of specially connected 
reactors as an adjunct of the s.p.s. of the line^^^*^^\
(18)Peterson has suggested another method to eliminate the 
capacitive coupling. It requires the connection of capacitors of special 
value across the circuit breaker contacts. When the breakers open 
following a non-permanent line to ground fault the faulted phase 
conductor is connected to the source through these capacitors. Values 
of the capacitors can be selected to minimise the potential of the 
faulted phase conductor with respect to ground, thereby extinguishing 
the residual arc. Jahn et al^^^ has suggested the use of ACSR ground 
wires to reduce the magnetic coupling. Forced extinction of the
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residual arc, by shunting with jets of conducting salt solution was
(19)tried on the French 220 kV system and is discussed by Muller et al 
A modification of the above idea, where discharge resistors are 
connected through switches at the two ends of the faulted conductor, 
has also been suggested. Heinemann^^^^ describes how this could also 
be used to reduce switching surge overvoltages during reclosing.
(21 22)Recently, two papers * concerning the use of shunt reactors 
for the purpose of secondary arc extinction have been presented and 
analysed for untransposed e.h.v. lines. The authors developed a 
modified 4-legged reactor scheme for installation at one end of the 
line, to be used in conjunction with a conventional 4-legged reactor 
at the other end. The modified reactor bank includes four switches 
whose operations are coordinated with the line breaker.
Several authors analysed the problem of single pole autoreclosure
(23)from different aspects. Shipley et al used a digital computer,
the effect of line transposition, the position of the 4-legged reactor,
and the degree of compensation on the secondary arc extinction was
(24)analysed. Eaton et al analysed the problem from the steady state 
point of view. The latter study is concerned with the effect on the 
magnitude of the steady state recovery voltage due to changes in the 
value of the shunt and neutral reactor. Haubrich et al^^^ analysed the 
influence of various line parameters, and of the compensation reactors 
on the extinction of secondary arc in case of single phase auto­
reclosure. ASEA^^^^ has reported the installation of 100 MVAR, 400 kV 
shunt reactor in a 400 km long line. A study was performed to predict 
the influence of the reactor on the secondary arc current and the 
voltage occurring at the fault location after arc extinction and to 
calculate the transient voltage stresses on the neutral-point reactor
in conjunction with s.p.s.
— 7 — 
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As mentioned previously, if the transmission line length or
voltage is raised, the self extinction time of the secondary arc becomes
longer and hence the reclosing time, or the no voltage time has to be 
(2)elongated . The increase in the reclosing time is not only unfavourable 
to system stability, but also increases the instantaneous torque on 
generators at the instant of reclosing, giving them unfavourable shocks.
To determine the reclosing time or to take suitable measures for
reducing it, a knowledge of the self-extinction time of the secondary
arc as well as its mechanism is essential. Several papers have
discussed the characteristics of the secondary arc, however, its self-
(3 9 25 26 27)extinction mechanism has not been studied theoretically in detail » » » »
(3)Maury reviews the effect of the arc resistance on the magnitude of the
secondary arc current and the recovery voltage waveform. The author
concludes that the arc resistance does not, in practice, influence the
value of the capacitive current flowing in the arc path. On the other
(28)hand, Dobson et al has shown a different result which indicated 
that the arc resistance could decrease the magnitude of the secondary 
arc current to a significantly low value. However, both authors used 
the same equation to calculate the secondary arc current, but they used 
different values of secondary arc resistance which lead to their 
disagreement. Based on an extensive literature survey, the secondary 
arc resistance does not exceed 1000 SI before the extinction^^^*^^*^^^, 
and this resistance is very small compared to the coupling im ped ance)  
so from the secondary arc current magnitude point of view, the secondary 
arc resistance can be neglected. However, from the extinction of the 
secondary arc current point, the arc path has to be represented as 
accurately as possible.
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( yfk")Milne has investigated the stability of the secondary arc,
in single-pole reclosing tests on long 275 kV transmission lines. The
author shows that the secondary arc resistance varied between 200 and
800 Ŝ, the lower value holding soon after fault isolation and increasing
till final arc extinction. Anjo et al^^^\ has analysed the self
extinction mechanism of the secondary arc produced in the long air gap
in the 500 kV line, by taking the voltage and current oscillograms and
also by observing the arc on a high speed camera. The authors found
that the arc voltage generally tends to increase with time, however,
(31)the measured self extinction time scatters extensively. Gary et al 
analysed the probability of successful single pole autoreclosure in 
the 765 kV French system. The authors concluded that 40 ms is required 
for the re-establishment of the dielectric strength between the arc 
electrodes after the arc extinction.
(32)Baiser et al analysed the electrical characteristics of a 
500 kV transmission line during s.p.s., using a hybrid computer. A 
time dependent arc is used in their study. The authors assume that 
the arc resistance increases linearly with time until reaching a value 
at which the arc is extinguished. This representation requires four 
items of data:
1. The initial resistance Citnmediately after isolation 
of the faulted conductor).
2. The final resistance (immediately before arc 
extinction.
3. The lapsed time, or the rate of rise of resistance.
4. The time required for deionization sufficient to 
withstand line voltage upon reclosure.
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The paper uses values of the first three items derived from test on 
the TVA line^^^^; the fourth item was not considered in the paper.
Single pole autoreclosure requires more complex protective
(33)relaying for the line . In addition, the problem of zero-sequence 
current circulation in the adjacent lines is of great concern. These 
currents will flow when one phase of the line is open and can lead to 
false operation of the ground relays at a time when one can least 
afford such mal-operation. From a protection point of view, the 
significant voltage which appears on the faulted phase line-side of 
the breakers during the dead time could be a significant determining 
factor in respect of the optimum position and type of voltage trans­
ducer necessary for satisfactory phase-selection in single pole auto- 
(34)reclosure schemes
1.2 Transient Calculation Methods
Power system analysis generally falls into three broad categories 
of study: steady-state operation, transient stability, and electrical 
transients. Much effort has been expended in recent years to improve 
the techniques of steady-state analysis, in view of the enormous 
increase in size and complexity of power netowrks. Electrical transients 
are associated with the circuitry in power systems, and therefore are 
very fast phenomena usually ranging from micro-seconds to milliseconds. 
The nature of electrical transients make it necessary to accurately 
model the distributed nature of transmission lines, as well as the 
dynamic behaviour of the associated apparatus.
In transient studies there are numerous calculation methods 
available. Some of them present some advantages over the others, but 
it is very difficult to define which one is the best. However each 
method presents its own merit and its choice depends very much on the
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accuracy of the results, and the available means of tackling the 
problem, and on the time taken to get the results. They may be 
separated into three main groups, namely, methods using a scaled model 
of the actual system, mathematical methods and methods using a combin­
ation of analogue and digital computers. The first method uses a 
transient network analyser CTNA) where actual system parameters are 
scaled down. It presents some advantages such as the system response 
to any study can be obtained in a very short time and that once the 
model is established various studies can be done on it with ease. On 
the other hand it has some disadvantages due to the fact that it cannot 
accurately represent frequency dependent parameters of the system or 
simultaneously scale down all system parameters. In addition to these 
it requires a lot of time to remodel the system for different system 
parameters.
In recent years, however, much progress has been made in the use 
of computer simulation for the study of electrical transients.
Based on the travelling wave phenomena, a number of methods are available 
to solve the system eqns. (1.1) and (1.2):
&  [v ]  = - [ z ] [ i ]  a . i )
V (1.2)
where Z and Y are the series-impedance and shunt-admittance matrices 
per unit length, respectively. V and I are column vectors, the 
elements of which represent the voltage to ground and the current 
flowing through the various conductors of the line. One of the most 
widely known methods is the Bewley lattice technique. This method is 
based on the assumption of lossless or distortionless propagation
- 1 1 -
and requires the use of reflection coefficients at discontinuities
in transmission system. This method was used in much of the earlier
(35)works on computer simulation of travelling waves in power systems
Another more recent method of simulating travelling waves was employed 
C 1by Domel in the development of the Boneville Power Administration
(BPA) system transient program. This method also requires the
assumption of lossless or distortionless propagation, but does not
(37)require the use of reflection coefficients. Boonyubol et al has
made use of the Laplace transform method and evaluated the fault 
transient, employing the residue theorem for the inverse Laplace 
transformation. In this method the line is assumed to be transposed 
and the line parameters used in the calculations are computed at a 
single fixed frequency.
Most power lines have small losses, and for transmission circuits
without earth wires the line distributed parameters can be considered
nearly constant over a wide range of frequency. In such a case, the
digital simulation technique, previously mentioned, among others,
may give reasonable results. For transmission lines involving the
earth, line resistance and inductance vary significantly with frequency,
and therefore a lossless or distortionless model is not satisfactorily
represented if extreme accuracy is required. In such a case, the
(38 39)modified Fourier transform method is used for calculation ’ . By
(39)the use of a theory recently developed by Wedepohl , it is possible
to represent the line in an accurate way, taking into account both 
the frequency dependence of the line parameters and the asymmetry of 
the multiconductor line. To account for a non-linearity, caused by 
the arc for example, the modified Fourier transform is used in conjunction 
with Duhamel's integral^^^^. Recently, Bickford et al^^^^ demonstrated
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the application of the modified Fourier transform and the Bowley 
lattice methods to the calculation of transient fault currents and 
voltages in power system networks. The results obtained using these 
techniques are compared and discussed on the basis of both waveform 
and frequency spectral. It is concluded that both methods are 
capable of yielding acceptable and near identical results.
1.3 Scope of the Present Work
In the present work, the modified Fourier transform method is 
used for calculation. It can easily represent frequency-dependence 
parameters of the system, and the asymmetry of the multiconductor 
line. To account for the non-linearity caused by the secondary arc, 
the modified Fourier transform is used in conjunction with time 
domain Convolution.
The main objective behind the present work is to develop mathe­
matical and digital modelling techniques for simulating the secondary 
arc behaviour and the mechanism of its extinction, in both compensated 
and uncompensated systems. To use this in the study of:
1. The extinction time of the 500 kV uncompensated 
system.
2. The determination of the degree of shunt reactor 
compensation necessary to achieve acceptable auto­
reclosure dead time in long line applications.
3. The determination of the secondary arc transient 
and recovery voltages for the purposes of evaluating 
the performance of protective gear utilising, in 
particular, voltage transducers connected on the 
line side of the circuit breakers.
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4. Over voltages arising on the system and the 
neutral reactor, during the whole process of 
fault inception and single pole opening and 
reclosure.
5. Effect of line length, prefault power flow, 
source parameter, busbar termination and 
fault position on the secondary arc extinction 
time.
6. The possibility of using 4-legged shunt reactors 
in untransposed long lines.
The formulation should be as accurate as possible and should be
sufficiently general to allow inclusion of different line types,
transposed or non-transposed line, different line terminations, 
different fault position, sequential or simultaneous breaker opening 
and reclosure, compensated or uncompensated lines. The secondary 
arc path can be represented by a constant linear resistance, or a 
time dependent linear resistance or a full non-linear arc representation. 
The re-ignition voltage characteristic is also simulated.
Chapter 2 describes the simulation of the system under fault 
conditions. The methods used to incorporate 4-reactor schemes into 
single/multi-section feeder systems are also presented. The analysis 
of the multi-section feeder and line transposition scheme are described. 
In the same chapter, a brief review of the effect of shunt compensation
on the secondary arc is presented.
The simulation of the breakers opening and isolation of the 
fault are described in chapter 3. It is considered, in this chapter, 
that the primary and secondary arc path are represented by a constant 
linear resistance (0.5 fi).
— 14 -
Chapter 4 studies arc phenomena. The secondary arc path of 
transmission systems and the mechanism of extinction is modelled.
Chapter 5 formulates the secondary arc current and voltage, 
after fault isolation, by considering the non-linearity effect of 
the secondary arc path. The sending and receiving end voltage and 
current waveforms are also formulated.
The techniques used to simulate the breakers reclosure is 
described in chapter 6.
In chapter 7 the configuration of system studied is detailed. 
This covers line construction, line parameters, source parameters 
and the 4-reactor scheme parameters.
Digital computer results are presented in chapters 8 and 9. In 
chapter 8 digital examination of the secondary arc extinction time 
for the uncompensated (single feeder) system is presented. The 
problem of neutral reactor overvoltages and secondary arc extinction 
time in long line shunt compensated (single and 4-section feeder) 
systems is described in chapter 9.
General conclusions are presented in chapter 10.
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CHAPTER 2
SIMULATION OF SHUNT COMPENSATED SINGLE/MULTI 
SECTION FEEDER SYSTEMS
2.1 Introduction
Shunt compensation of long lines serves two purposes:
1. Limitation of power-frequency overvoltages, especially 
at an open end of the line and at buses having trans­
formers or loads^^^^.
2. Neutralization of shunt-capacitive coupling between
phases, making s.p.s. feasible on a long line^^^*^^’ 
23,24,43,44,45)
For serving the first purpose alone, one or two banks of Y-connected 
shunt reactors with solidly grounded neutral are commonly employed.
The size of the reactors can be expressed (a) as the three phase 
reactive power (MVAr’s) consumed at rated voltage, (b) as the reactance 
per phase X^, or (c) as the degree of positive sequence shunt compen­
sation h^. For serving both purposes simultaneously, the neutral point 
of the reactors selected for the first purpose is grounded through a 
fourth reactor, the neutral reactor. The bank of reactors then becomes 
a four-pointed star (fig. 2.1).
In this chapter, the method of determining the reactance of the 
neutral reactor is d e s c r i b e d M a t h e m a t i c a l  techniques to incor­
porate the 4-reactor scheme under steady-state and transient-fault 
conditions are d e s c r i b e d M e t h o d s  used to represent the line 
transposition and composite source network are also described.
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2 - 2 Secondary Arc Current and Recovery Voltage for 
Uncompensated Line
When one phase of a 3-phase line is opened at both ends to clear
a ground fault, the faulted phase is capacitively and inductively
(3)coupled to the two sound phases . This coupling has two effects:
1. Before extinction of the fault arc, it feeds current
to the fault and maintains the arc.
2. After the arc current becomes zero, the coupling
causes a voltage across the arc path.' If the rate of 
rise of this voltage is too high, it will re-ignite 
the arc.
The current which will flow in the arc path after the breakers 
open is called the secondary arc and it has two components.
Its shunt component is proportional to the length of the line. The 
series component is theoretically proportional to the loading and 
to the square of the line length. Its maximum value occurs at one 
end or the other, where the vector sum of the two components is 
also maximum. The voltage across the fault path after the extinction 
of the secondary arc current and before reclosure of the breakers 
is called the recovery voltage. The shunt component of the recovery 
voltage is proportional to the voltages of the energized conductors. 
The series component is proportional to the length of the line and 
its loading. The two components of recovery voltage differ in phase, 
and the actual recovery voltage at any point of the line is their 
vector sum. The ratio of the recovery voltage to the secondary arc 
current is the Thevenin’s impedance.
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Consider a 3-phase symmetrical transmission line connected to 
an ideal source at one end, the other end being open. Representing 
the line in terms of lumped capacitance (neglecting the line inductance 
and resistance), as shown in fig. 2.2, where C^ and C^ are the positive 
and zero sequence capacitances for the line length under consideration.
A line to ground (LC) fault (represented by switch F in closed 
position) occurs on phase 'a' and the circuit breaker S is opened 
to clear the fault. The system can be further simplified in the form 
of an equivalent circuit shown in fig. 2.3 by means of Thevenin's 
theorem. With switch F closed, the induced secondary arc current 
assuming zero arc resistance is given by:
h e c  = <2.1)
where is the system frequency in rad/sec, and is the phase voltage.
If switch F is open (cleared fault) the induced voltage on phase 'a’ 
is given by:
C, - C
\  <2-2)1 o
The Thevenin admittance seen from the fault terminals is given by:
Y„ = ̂  (2C, + C ) (2.3)i i 1 o
Equations 2.1, 2.2, and 2.3 represent the components which are due to 
the electrostatic coupling only. For lines longer than 300 km, the 
component which is induced electromagnetically by the current in the 
sound phases must be taken into consideration^^^^.
2.3 Simulation of Shunt-Reactor Bank
The shunt capacitances of a transmission line are usually described 
by either a capacitance matrix or by a mesh circuit (fig. 2.4a).
Assuming ideal transposition, the phase to phase and phase to ground
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capacitive susceptances are and B^^ respectively. The symmetrical
(44)components of these susceptances are
(2.4)
®C1 " ̂ Cg ^®Ch
In terms of the positive-phase sequence (p.p.s.) and zero-phase 
sequence (z.p.s.) values of the line capacitive susceptances (B^^,B^^), 
the parameters of the shunt reactor bank when arranged to compensate 
one half of any line section of length Z are^^^^;
h i  = V c i  (2.5)
=Lo = h h o
where h^ and h^ are the degrees of p.p.s. and z.p.s. shunt compensation, 
and = Z/2,
Because of the independence of the sequence circuit corresponding to a 
symmetrical actual circuit, these circuits are decoupled so that:
Xt = I/By^  (2.6)
h i  = 1/«L1
Examination of the circuit of fig. 2.1 with positive-sequence current 
and zero sequence current into the terminals gives:
X_i = X
P (2.7)
X^^ = X + 3X
or
h  = < h h i  - <2.8)
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It follows from eqn. 2.8 that the phase and neutral inductances are as 
given in eqn. 2.9.
L = X /wP P o
L = X /wn n o
(2.9)
The resistances of the shunt reactor are relatively very small, a 
typical Q factor of each limb at power frequency (50 Hz) being 250. 
The impedance of the shunt reactor (fig. 2.5) are given by eqn. 2.10,
Z = R + jwLP P P
Z = R + ju)Ln n n
(2.10)
There are a number of factors which determine the degrees of shunt 
compensation (h^, h^), and for a typical line they generally lie between 
zero and 1.2^^^^^^*^^*^^^. The line shunt susceptances , B^^) are
evaluated in the usual manner from the average sum of all the self and 
mutual susceptances per unit length of the line section under consid­
eration.
It is convenient to combine the shunt-reactor arrangements with 
the line sections involved and for this purpose the canonical form 
of the two port or transfer matrix function defining the arrangement 
of fig. 2.5 is particularly useful^^^'^^'^^^.
L h
(2 . 11)
where U is a unity matrix. The difference of the current vectors 
[ I^ - I^] define the current which flows in the reactor [l^] and the 
latter is seen to be simply related to the impedance matrix [Z^^] = 
of the shunt reactor by eqn. 2.12.
-1
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- v . ' r 1 r "1
Z + z P n Zn Zn Îsa
^2b • ['..j [■•] ■ Zn Z + Z P n Zn îsb
/ 2 c  . Zn Zn Z + Z P î- sc.
(2 .12)
The submatrix |Ÿ^J=  ̂which is used in the transfer matrix
representation of the reactor is thus as given below:
[ ' . ]  ■ [ v ] - '  ■ Z (Z + 3Z ) P P n









2.4 The Effect of the Shunt Reactor on Reducing Capacitive
Coupling Effect
Several authors have analysed how the shunt reactor supresses 
the secondary arc current and recovery voltage^^^*^^*^^’̂ ^’^^’^^^. 
Kimbark^^^^ has produced useful sets of families of curves that can 
be suited to certain line construction. Secondary arc current, steady- 
state recovery voltage and natural frequency of transient recovery 
voltage have been considered and the loci of each of them has been 
plotted in a rectangular coordinates h^ versus h^. However, the 
charts are true for a line with C^/C^ =0.7 only.
In order to determine these three important curves, consider the 
equivalent circuit for a three-phase line, fig. 2.6a. The fault is 
assumed to occur on phase ’a ’ by closure of switch F and is isolated 
by opening of circuit breaker CB, whereupon it becomes a secondary 
arc current 1^^^. Extinction of the arc is represented by opening 
switch F . The voltage across the open switch is then the recovery
voltage.
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I and V can be calculated more simply from the reduced circuit sec r ^
of fig. 2.6b, where the sound phases 'b' and ’c' are replaced by
conductor ’be’ having an applied voltage equal to the average of
and E^. In fig. 2.6b if the reactor scheme designed for quenching
the secondary arc, the inductance of the upper arm resonates with the
corresponding capacitance at the supply frequency, giving a high
impedance. The lower arm generally does not resonate, hence the
recovery voltage = 0. While the residual fault is present, it
bypasses the lower arm, and the current I is proportional to thesec
susceptance of the upper arm. With this arm adjusted for resonance, 
^sec well as V^, is zero (neglecting the magnetic coupling effect). 
On any line with shunt reactors, the recovery voltage has in addition 
to the steady state component, a transient component of a natural 
frequency f^, generally different from the supply frequency f^.
The circuit for determining the natural frequency is that of fig. 2.6c, 
formed from that of fig. 2.6b by setting the applied voltage equal to 
zero, thus making nodes ’be’ and ’g ’ become one^^^^.
Appendix (2.1) states the formula for the secondary arc current, 
the steady state recovery voltage, and the natural frequency component 
of recovery voltage:
h e c  = - - hj) - C^(l - h /  (2.13)
C, (1 - h., ) - C (1 - h )
\  ^ 2C (1 - h ) + C°(l - h°)1 l o o
2h.,a)̂ C + h w^C ,
“r = ( 2C° ' c  ° ° <2.15)1 o
Or in p.u. quantity, the base current is the normal charging current I^ 
where I^ = jw^C^E
^sec(p.u.) = Isec/ ' <«1 ' " (2.16)
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where = (1 - h^), = (1 - h^), and k = C^/C^.
The base voltage is the normal line to ground voltage E.
H - kH
\(p.u.) = V "  = - 2 i Ç T T 3 r  <2.17)
2h + kh i
f r ( p . u . )  =  Wp/Wp '  < " T V 1— ) '  <2 . 18)
From these equations it is obvious that the condition to be met for
eliminating the secondary arc current and recovery voltage is Q  ” h^)
= k(l - h^). It can be noticed from eqn. 2.8 that the inductance of
the neutral reactor is zero when h = h_/k. A close examination ofo 1
eqn. 2.16 shows that the magnitude of the secondary arc current, under 
such condition (h^ = h^/k), is equal to the secondary arc current when 
the line is uncompensated (as shown in eqn. 2.1). However, the recovery 
voltage in this case (h^ = h^/k) could be higher than the uncompensated 
case and it depends on the value of h^.
2.5 Simulation of Discretely Transposed Line Section
The effect of transposition is to provide an equivalent equilateral 
spacing. This means that the voltage drops should be equal in all 
conductors when balanced load conditions prevail (in the transposed 
line the voltage drops in each phase are directly proportional to the 
own phase current but independent of the current in the other phases).
In long distance transmission systems, discrete transposition of
the line conductors is often performed at the terminal of each section
or at intermediate points thereon. Transposition of the line can
reduce its RI^ loss. Furthermore it equalizes the three phase-to-phase
shunt capacitances and thus makes it feasible to use simple four-legged
(22)bank of shunt reactors . Transposition can assist on the secondary
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arc extinction even if the line is not equipped with shunt reactor 
It is particularly important to simulate the effect of such trans­
positions, because they represent an abrupt point of discontinuity
(45)from which incident wave components are reflected
(6,17)
Consider a transmission line of length, Z, having a complete cycle
of transposition as shown in fig. 2.7. In section I, a two-port matrix
(45,46,47) equation can be written as :
^sa h h VRla
^sb VRib
Vsc h l c
h a ^Rla
h b ^Rlb




= S cosh(y&/3)S = S sinh(y&/3)S
and
[ y ] =
: B,YO 1 0 • h  = h h h
h  ° 0
0 Y2 0 (2.20)
0 0 ^3-
y’^s'^z . Yo = z-2O
24 -
The variables in the above equations are explained in more detail in 

















It is now required to define A^ , B^ , , and . In section II,
a two-port matrix equation can also be written by using the two-port 
constants A^ , B^ , , and of section I, if the following
order is used:






^S2a h  , ^R2a
—  ___ _ — _
(2 . 22)
On the other hand:
[ h i ]  ‘
^S2a " 0 0 1“ r IS2b
^S2b = 1 0 0 ÎS2C










p -, ^R2a r 1
r I 1R2b
ÎR2 = ^R2b = [m ] ^R2c
- ^R2c - -^R2a -
(2.25)
l'.J R2a —  —
VR2b
R2b = M \ 2 c (2.26)
R2c VR2a
From eqns. 2.22 to 2.26, it gives;
V „S2
Î82 _





From eqns. 2.21 and 2.27, it gives:
B,
D,
M A^ M 





A post-multiplication of the matrix (a ^J by the transposed of the 
connection matrix, leads to a shift on the column vectors. A
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pre-multiplication of the matrix by the connection matrix, M ,
leads to a shift in row vectors. Hence A£ , , and D2 can
be obtained respectively from A^ , B^ , , and , with no need
of doing the matrix multiplications as shown in eqn. 2.28, by just 
reshuffling the elements in matrices A^ , B^ , , and as out­
lined below.
If a line having its phase conductors changing from positions 
1 to 3, 2 to 1 and 3 to 2, as shown in fig. 2.7, a matrix K can be 
formed such that:
[k] - [ 3 1 2 ]
It can be shown that:
[m ] a  ̂ (I,J)[m ]^ = A^ CKCn, KCJ))
or A^ (I,J) = A^CKCD, K(J}) C2.29)
The same can be applied to B2 , ^2 * ^2 *
Two-port constants for section III can also be calculated as those 
in section II. A matrix can be formed such that:
H  '  ' ]
and A^ CI,J) = A^ (K^CD, K^(J)) (2.30)
The overall transfer matrices between the sending and receiving end 
for unfaulted transposed line can be described by:
(2.31)Vs' ' 4 h " ' 4 * 3" \
/ l h . "2. . s D3_
Similar methods are likewise used to describe the overall transfer 
matrices between the fault point and the sending and receiving ends
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(45)for fault at any point along the line
2.6 Combination of Line and Shunt Reactor Bank
For computational purposes, it is convenient to combine the line 
sections with the shunt reactors in the manner illustrated in fig. 2.8 














At the fault point
' Vp ■ \ t ®RT
.  V _ ^RT ^RT _
■ V p ' \ t














The same way could be used to describe the equivalent line section 
linking points F and S.
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— 1 —  —
^IT h i Vsi
Î_ FS_ ^IT ^IT
— -
(2.35)
The equivalent line/reactor representation of the unfaulted sections 
can be obtained in a similar way. In this case the transfer matrix 
describing the line section has to be pre- and post-multiplied by 
the transfer matrix describing the shunt reactors to give the overall 
equivalent.
WC: 3 C: SHCf'] C2.36)
2. 7 Simple/Composite Source Simulation
In power system transient analysis, it is usual to  
assume that the line under consideration is energized from infinite- 
busbar source. A more realistic form of representation is necessary 
taking into consideration the source-side network representation.
The complexity of the source-side network terminating in a busbar 
from which a transmission line is energized has been recognized. This 
mainly is due to the fact that, in general, this source is not a 
localised generation source whose reactance can be derived from the 
system short-circuit apparent power and the system voltage. Terminating 
at the busbar may be other transmission lines originating at remote 
points in the network and these may in turn be fed from other generating 
points. There is thus, in fact, no limit to the extent of such detailed 
source arrangement. In dealing with transient switching voltages the 
source side plays a very important role in the shape and magnitude of
(39)the transient voltage waveform . It is not always necessary to 
represent the entire network source configuration, since from computation
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points of view, this may not be economical. Sometimes it is not 
even necessary to consider the entire source-side network, since 
transient times to the distant points of such networks and back may 
exceed the observation time chosen and hence would be of no direct 
relevance to the study.
A general source model based upon arbitrarily defined short- 
circuit levels at the terminating busbars, is shown in fig. 2,9, and 
possesses an impedance matrix of the form given in eqn. 2.37. The 












Fig. 2.10 represents a composite source network to be considered in 
this work. Analysis of a general composite source network has been 
reported^^^^. The impedance matrix of each local infeed/outfeed (Zg, 
Zr , ^S3’ ^S4* calculated from a knowledge of the power
frequency short-circuit levels and the ratio of zero-phase sequence 
to positive-phase sequence impedance of the source in question.
With reference to figs. 2.9-2.13, the transfer-matrix eqn. 2.39 
defines the response of the line/reactor combination of the first 
source section (sending end side).
h







Now the total current entering busbar S is
h  = h i  * <2.40)
where Zg^ is a 3 x 3  matrix and represents the impedance of the 
infeed/outfeed s.c.3 and is calculated in the same way of calculating 
the main source impedance Zg.
At the main source = [Zgj (2.41)
Substituting eqns. 2.41 and 2.40 in 2.39, the total composite source 
impedance matrix at sending end Zgg is then finally computed from eqn. 2.42
[ h ]  = < h ih  " h i> < h ih  + h k i h  + h i  + h X i ^ ' ' [ h ]  (2.42)
or
[hs] = < h ih  ^ h i> < h ih  " h k i h   ̂ h i  " h X i > ' '
Similar procedures are likewise performed to define the total complex 
source impedance Z at the receiving end.
2.8 Fault Simulation
The fundamental relationships developed in sections 2.5-2.7 have 
been deliberately formulated in such a way as to effectively enable 
any compensated/uncompensated feeder arrangement to be reduced to the 
faulted circuit model shown in fig. 2.14. Details of the methods of 
digitally simulating a fault on such a model by using matrix functions 
and numerically evaluated Fourier transforms are reported by Johns 
and Aggarwal^^^^. It is worthwhile noting that the latter methods were 
developed for studying uncompensated single section homogeneous feeders
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The basis of the method hinges upon representing the voltage at 
the fault point by the sum of two voltages V^g, as shown in 
fig. 2.15. V^g is sinusoidal and is equal to the steady-state voltage 
at the fault point before the disturbance. is a suddenly applied
voltage, which when added to V^g, represents the post fault voltage.
A solution may be obtained by performing two separate calculations in 
which the desired voltages and currents are evaluated when V^g is 
applied to the energized system, and the superimposed voltage is 
applied to the line with all source voltages set at zero. The method 
is essentially one of superposition. Under steady state conditions, 
three quantities are required, namely, sending end current, receiving 
end current, and the voltage at fault point (F) before the fault 
occurs.
From fig. 2.15, under steady state conditions, eqn. 2.43 represents 
the relationship between voltage and current.
■vss" \ ^RS
ÎSS \ \ ÎRS
(2.43)
^RS
where A^, B^, and represent the matrix constant of the line/ 
reactor between the fault point and the sending end. A^, B^, and 
represent the matrix constants of the line/reactor between the fault 
and the receiving end.
The sending and receiving end current before the fault is thus given 
by :
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:ss " [ c  - Vr S +
^RS B [Vgg AVgg
C2.44)
At the fault point
■ V f g  - ' 4 B r ‘
. I f R S  _ . h ° R -
^RS
L^RS.
Solving eqns. 2.45 and 2.44
h s  = k  - BrB ' ^ ]  ^ B / ^ V S3
C2.45)
(2.46)
Each of the above equations are evaluated at power frequency, because 
the prefault condition is essentially a steady-state one. Indeed, 
the voltage and current vectors may be considered in phasor form 
and converted directly to the time domain without invoking the 
inverse transform^^^^. The analysis for phase-a-to ground fault 
requires the calculation of the components due to the superimposed 
voltage These components should be added to the corresponding
prefault steady state components to obtain the complete fault- 
transient waveform. The formulation of the equations required for 
a complete solution is discussed in detail in Appendix (2.4).
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Fig. 2.1 Four-branched symmetrical star circuit for shunt 
compensation of balanced single circuit line
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Fig. 2.4 (a) Mesh circuit representing shunt capacitances of
balanced single-circuit line
(b) Symmetrical circuit equivalent to the 
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Fig. 2.6c Circuit for determination of natural frequency 
of recovery voltage
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Fig. 2.7 Schematic diagram of a transmission line with 
a complete cycle of transposition









O  O j  o O  






































/r/ / / / / / / / / / / /
Fig. 2.9 Main source network model
(s.c.2)
Fig. 2.10 Basic system model
oo
e x







































Fig. 2.13 Composite source equivalent
(a) composite receiving end source Zgp























Fig. 2.15 Faulted compensated/uncompensated system 
Steady state components:
^SS' ^SS* ^fSS’ ^fRS’ ^RS’ \ s  
Transient components:
^Sf' ^Sf’ ^fSf’ ^fRf* ^Rf* ^Rf
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CHAPTER 3
DIGITAL SIMULATION OF SINGLE-POLE OPENING
3.1 Introduction
When a fault occurs on an electric power transmission system, it 
is necessary to isolate the fault as quickly as possible, so as to 
prevent damage to the system plant, which could be caused by overheating 
or mechanical stress. The time taken to trip the faulted section out 
depends on the time to detect the fault and to decide to trip, and the 
time taken by the breaker to clear the fault^^^^. Recent experimental 
installation of 1/4 cycle relay schemes by Bonneville Power Administration 
(48,49) demonstrated the feasibility of ultra-high-speed relaying 
and 3/4 cycle breakers are expected to be installed in 1980 by BPA.
Internally developed overvoltages are caused by a switching
operation; either the opening or closing of a circuit breaker. Because 
of their importance in the design of switchgear, the transient voltages 
generated by the opening of a circuit breaker have, until comparatively 
recently, been regarded with more interest than those due to the closing 
of a circuit breaker. However, at e.h.v. systems the significant over­
voltages are those caused by the energisation of transmission lines, 
since given the necessary conditions, overvoltages of as much as four 
times the phase-to-ground voltage of the system are theoretically 
possible.
The problem of opening surges has been solved with modern circuit 
breakers, by opening the breaker at a zero current. The problem of 
closing surges has been overcome by two different methods. The first
—  34 —
method based upon energising the line in stages, by closing resistors. 
The second method provides for the closing of the circuit breaker at the 
precise instant when the voltage is zero at the terminals (synchronous 
closing)
Sequential pole tripping and closure take place in practice,
the effect that such action may have on the system transient response
should be taken into account. Theoretically, the action of the breaker
poles when a circuit is being energised involves a change of system
conditions at the switching point. Using the matrix method of analysis
for polyphase transmission system, this condition can be represented
mathematically by an input matrix at the switching point. As this input
matrix changes at the instant of breaker-pole operation, the problem
(52)ceases to be linear . This type of problem, where the system matrix 
changes with time, will be referred to as a nonlinear problem. The
problem of such nonlinearities has been solved using the lattice
que 5̂3)
(52,34)
(technique and more recently using the modified Fourier transform
method
In this chapter, the development of frequency domain simulation 
techniques for the opening of the breaker is discussed. A constant 
linear fault path resistance (R^) is assumed, during the fault and 
after the breakers opening. Breakers are simulated to open at any 
time after the fault inception. They could open either when the 
current waveform goes through zero or randomly.
3.2 Method of Simulation
As the transient phenomena associated with s.p.s. schemes is 
very complex, the analysis and therefore the rather difficult problem 
of simulation is split up into several distinct stages. By using a
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frequency domain based method of simulation, the time variant non­
linear fashion in which the various breakers poles and fault arc behave 
are overcome. Fig. 3.1 shows the fault transient model, a knowledge
of the transient response due to fault inception is obtained (section
(47)2.8) by using the theory developed by John and Aggarwal in
(54)conjunction with the theory of natural modes developed by Wedepohl
3.3 First Pole Opening Technique
On fault inception, the faulted phase relaying point currents 
(sending and receiving end) are checked for zero crossings. The 
opening of the pole in which the current first passes through zero, 
is simulated by injecting a current, equal and opposite to the relaying 
point current at the breaker point. This part of the simulation is 
essentially one of superposition and can be explained with reference 
to fig. 3.1 which shows the system model for an a-phase to earth 
fault(34.47\
If the time after fault Callowing for the breaker opening time! 
at which the first zero crossing of say the sending-end a-phase 
current occurs is T^^, then the superimposed current is therefore 
given in the time domain by:
^S3a (^SSa ^SFa^ ^bl^
where (i__ + i ) = total instantaneous faulted phase current atobâ brâ
the sending end.
The next stage of the computation involves finding the Fourier transform
of the current î ,.bJa
^S3a ' /  ig3a - ja)] t.dt (3.1)
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It is important to note that ig^^ = 0, t < and the lower limit
of integration in eqn. 3.1 is limited to time . Furthermore, it
is only necessary to simulate the system response up to a finite observation
time and it is therefore possible to reduce the upper limit of
integration in order to increase the efficiency with which this and
other similar integrals are digitally computed. So the frequency
spectrum ig^a current which is injected i n ^  the opposite direction
(fig. 3.2) to simulate a-phase sending pole opening is given by:
T
I.S3a y' ig3a exp ĵ -j (od - ja) ̂  t.dt
bl
where T , = observation timeob
a = frequency shift constant
In fig. 3.2 is the frequency spectrum of a voltage source which
arises due to the injection of a current Ig^^y The transforms of the 
voltage components and on the line side of the breakers
are obtained by noting that (34,47)
[ ^ 53]  [ ^ S s ] [ ^ S 3 ]  [ ^ 33 ]
j ^ \ 3  J [ ^ R s ]
(3.2)
Also, the variation of the relaying point voltage and current components 











At the fault point
j^^FF3j ^ ^  [̂ ^FR3 "  ^FS3 j  j^^FF3] ^F ^3 0.4)
The transforms of the voltage across the neutral of the shunt reactors, 
at the sending and receiving ends, are:
Zn
^Sn3 ^^S3a ^S3b ^S3c^ Z + 3ZP n
Zn
(3.5)
^Rn3 (^R3a ^R3b ^R3c^ Z + 3Zn
where
A^, B^, and represent the line/reactor matrix constants 
between the fault and the sending end.
A^, B^, C2 and D2 represent the line/reactor matrix constants 
between the fault and the receiving end.
Zgs » Zg^ represent simple/composite source matrix at the 
sending and receiving ends respectively.
The three foregoing relationships (3.2, 3.3, 3.4) effectively 
define a set of simultaneous equations, relating superimposed circuit 
transform currents to the associated transform voltages across each 
hypothetical current generator and they can be arranged in the 
alternative form of eqn. 3.6 (see Appendix 3.1).
F3 ^ 2 ^3 FFF3
S3 = ^ 5 ^6 ÊS3 (3.6)
R3 ^ 7 ^8 ^9 '̂k 3
Each of the sub-matrices in the admittance relationship of eqn. 3.6 
is defined in terms of the basic parameters (R̂ ,, A^, Zgg etc) of the 
system at any special frequency of interest. It is important to note
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that each sub-matrix within the whole is a 3 x 3 matrix and that 
each sub-vector etc.) is a 3 x 1 column vector representing
the voltage or current transforms of the individual phase conductors, 
e.g.^Ig^j= ^S3b ^S3cJ^‘ 9 x 9  admittance matrix of eqn. 3.6
(derived in Appendix 3.1) is essentially a universal relationship 
which can be computed and stored at all spectral frequencies of interest, 
This equation can be used for fault simulation as well as breaker 
opening and closing.
When phase-a of the sending end is open, there are eight known 
zero-valued transforms associated with the sending end superimposed 
current. Furthermore, the ninth known value is the frequency transform 
of the superimposed current Equation 3.6 could be written in the
following form:
— —
^F3a ®FF3a = °
^F3b = 0 ^2 ^3 ^FF3b
^F3c = 0 ®FF3c
^S3a ^S3a
^S3b = ^4 "S3b = °
ÏS3C "S3c = °
^R3a ËR3a = °
^R3b ^7 ^8 ^9 %R3b ' °
^R3c ÊR3C = °
_ — —
(3.7)
With reference to eqn. 3.7, all rows and columns that correspond to 
zero valued transforms in the voltage vector can be removed, to produce 










Now Ig^a the ninth known transform which in turn enables the voltage 
vector in eqn. 3.8 to be determined. Substituting these quantities 
in eqn. 3.7, îg^ and are obtained. Vgg, V^g and V^^g are
obtained from equations 3.2 and 3.4 respectively.
These quantities are then transformed back into the time domain 
using the fast Fourier transform t e c h n i q u e T h e  total time 
domain response can be calculated by adding the three quantities:
(1) steady state, (2) fault inception, and (3) sending end breaker 
opening.
At the sending end
^SF^^ ^f^ ^S3^^ ^bl^
= Vgg(t) + Vgp(t - T p  + Vgg(t - T^g)
" ^83^^ " ^bl^
^Snt(^) " ^Snf(^ ” ^f^ ^Sn3^^ ” ^bl^
^(3.9)
Similar equations can be written at the receiving end, however ep^(t) 
is still zero.
At the fault point
^Ft(t) = Vpg(t) + Vpp(t - T p  + Vppg(t - T^g) 




T^ = time at which fault occurs
T^g = time at which sending-end a-phase pole opens
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3.4 Second Pole Opening Technique
The receiving-end a-phase current are next checked for zero 
crossing, say T^^ after fault, then the frequency spectrum of




(^RSa + ^RFa ' "R3a^ ['j t dt C3.ll)
To determine the total response of the various quantities in the 
time domain, consider fig. 3.3, by following the same procedure as 










Assuming that the a-phase breaker pole at the sending end has previously
opened, the zero-valued transforms are therefore E_, , EL., , E ,F4a S4b,c R4b,c

















The known quantities in eqn. 3.13 ate Y^-Yg ÏR4a' SO eqn.
can be reduced to :
0 YpC2,2) Yp(2,3) Y2 C2 .I) Y3(2,1) ^FF4b
0 YpC3,2) YpC3.31 Y2C3.1) YjO.l) ^FF4c
0 7 4 (1 .2) 7 4 (1 .3) Yjd.l) 7 5 (1 .1) ®S4a
^R4a 'iy(l,2) YyCl.3) YgCl.l) 7g(l,l) ^R4a
(3.14)
From eqn. 3.14 ^S4a ^R4a obtained, substituting
these quantities in eqn. 3.13 , îg^ and are obtained. Then
finally Vg^, and the voltage across the neutral reactor
can be calculated.
These quantities are then transferred back into the time domain 
using the fast Fourier transform technique. The total time domain 
response can be calculated by adding the four quantities: (1) steady 
state, (2) fault inception, (3) sending end breaker opening, and 
(4) receiving end breaker opening. The total time domain response 
of say the receiving end (line side) current at this stage would 
then be :
^RT^^) ^Rs(^) ^RF^^ ^f^ ^R3^^ ^bl^ ^R4^^ ^b2^
^Rt(^) ~ ^R4^^ " ^b2^
The total fault current is given by:
For t > T^g, ip^(t) represent the secondary arc current assuming a
constant fault path resistance R̂ ,.
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For the transient calculations undertaken in the previous chapter, 
the primary and secondary arc path was represented by a low constant 
resistance (R^ = 0.5 fi). Faults in e.h.v. transmission lines are, 
however, mainly due to flashovers between conductor(s) and tower, or 
between phase conductors.
Recently, a p a p e r s h o w s  that the primary arc path can be 
simulated to a good degree of accuracy by a constant linear resistance. 
However, simulating the secondary arc path by a constant resistance 
is completely unacceptable, due to the bahaviour of the arc during 
the dead time. Its behaviour will be investigated in this chapter 
and a model of a long secondary arc in free air will be proposed.
4.2 Definition of the Electric Arc
The arc has a very complex structure and various definitions have 
been given to it. Edels^^^^ defined a fully developed arc as a steady 
state discharge having a positive column in thermal equilibrium and 
a cathode fall of small voltage and high current density. Compton^^^^ 
has defined the arc as a discharge of electricity, between electrodes 
in a gas or vapour, which has a voltage drop at the cathode of the 
order of the minimum ionizing or minimum exciting potential of the gas 
or vapour. However, the arc is a discharge characterised by a larger 
current and a lower voltage than any other type of gas discharge. The
— 43 —
total voltage across the arc is the sum of (1) the cathode drop, which 
has a value characteristic of the gas; (2) the anode drop, which 
depends on the size and shape of the anode as well as the nature of the 
gas and its degree of ionization; (3) the drop along the positive 
column, which is generally proportional to the length of the positive 
column and depends on the current, nature and density of the gas;
(4) a voltage drop, generally negative but usually small, between the 
region of the cathode fall and the beginning of the positive column.
The volt-ampere (VA) characteristic of an arc is generally negative,
i.e. the voltage across the arc falls as the current is increased.
4.3 Static Arc Characteristic
Perhaps the most familiar electrical property of an arc under 
steady conditions is given by its so called volt-ampere characteristic, 
illustrated by the curve in fig. 4.1. A number of equations for 
this characteristic have been derived from experimental studies. The 
first and best known such equation is that due to Ayrton,
c + d£
V = a + b.£ +- :--- - (4.1)a a 1
expressing the arc voltage, V^, in terms of the arc length, the
current, i, and the constants a, b, c and d. The term a is the sum 
of the cathode and anode drops. The term b.&^ is the voltage drop in 
the positive column, whose length is taken to equal the total arc 
length The terms involving current i in the denominator take care
of the negative characteristic feature of the arc. If in eqn. 4.1 
the current is sufficiently large, the term containing the current 
becomes relatively small, and the arc voltage becomes a function only 
of the arc length according to the equation.
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= a + (4.2)
For a long arc the term a may also be neglected, giving an arc
voltage proportional to the length of the arc,
V = b.& (4.3)
Several authors have investigated the voltage gradient of a free-
burning arc over different ranges of current. King^^^^ investigated
the voltage gradient of the free burning arc in air, in the current
—4 4range between 10 - 10 amp. The author shows that at currents from
0.1 to 100 A the voltage gradient has the normal negative arc character­
istic, while at currents above 100 A the voltage gradient of an arc
remote from electrodes remains almost constant at 10 V/cm at least up 
to currents of 10,000 A (fig. 4.2).
(58)Storm has investigated the VA-characteristics for arcs of
length 30-122 cm set up between brass electrodes, in the range of
(59)100-20,000 A. Maikopar has extended Storm's work, by the investi­
gation of the voltage gradient of an open a.c. arc, 10-30 cm long 
for currents of 1-100 A. On the basis of these experiments, and also 
considering the results obtained by Storm, Maikopar plotted the static 
VA-characteristics of the open arc (fig. 4.3) for currents from 
1-20,000 A. In the range of small values of the current (1-55 A) at 
which extinction of the secondary arc may be expected, the author 
has recommended to use the following empirical formula.
V = c . r ” C4.4)p p
where C = 75, n = 0.4
V^ is the voltage gradient in V/cm
Ip is the arc current in A (peak)
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The voltage gradient calculated from this equation is in agreement 
with the results shown by King^^^^.
Eaton et al^^^^ have done experimental studies on an arc set up 
between electrodes, for currents up to 800 A (peak). The authors' 
results indicated that the voltage gradient, for currents greater than 
100 A (peak), is approximately 10 V/cm. However, for currents below 
this value the dispersion of the experimental points obtained is 
considerable.
4.4 Dynamic Arc Characteristics
At relatively low frequencies, say 50 Hz, the dynamic character­
istic may follow the static characteristic closely except in the 
immediate vicinity of current zero, where the voltage reversal occurs.
(58)Storm has investigated the dynamic arc characteristic of a 
long arc in air at atmospheric pressure. At 100 A (jr.m.s.), fig. 4.4, 
taken from the author's paper, shows a cyclogram for a 122 cm long 
vertical 60 cycle arc in air. The time records of current and voltage 
gradient are shown in the inset. It is clear that the arc character­
istics are no longer unique but consist of two different branches, 
one for increasing and another one for decreasing current. This 
difference, termed arc hysteresis, is due to the heat capacity of the 
electrodes and arc gas, which are not able to follow the instantaneous 
conditions with rapid variation of the state. Fig. 4.5 shows the
dynamic characteristics followed in two particular half-cycles by a
(58)similar arc 30.5 cm long carrying 15,000 A . At this high current 
level the upward trend of the arc voltage with current in the 5,000- 
20,000 A range is clearly evident. It is clear that the arc character­
istic does not always repeat itself for every successive cycle as may 
be seen in fig. 4.5.
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Brovm^^^^ has investigated the dynamic arc characteristic at 
low current. Fig. 4.6, taken from the author’s paper, shows a rather 
different cyclogram for a 3.81 cm long 60-cycle in air between copper 
electrodes. The reversal of the loops near 1 A in this figure is 
thought to be due to phase errors in the measuring devices. Brown 
also shows a cathode-ray VA cyclogram (fig. 4.7) of the extinction 
after slightly more than one second of a 60 cycle magnetizing current 
(1.5 A r.m.s.) drawn vertically to 122 cm length in a 40 kv circuit.
Therefore it could be concluded that, for a long secondary arc
in free air, the voltage gradient remains nearly constant (during
—0 ,part of the cycle) at an average value of 75 * V/cm. If the
secondary arc current is greater than 55 A (peak) then the voltage 
gradient could be taken as 15 V/cm. It is also concluded that the 
re-ignition voltage increases as the arc goes towards extinction^^^^.
4.5 Arc Extinction Mechanisms
Arc extinction may result from two causes; (1) following a
current zero, the recovery voltage across the arc terminals fails to
reach a value equal to the dielectric strength of the arc path;
(2) the arc length is increased by the wind (or otherwise) at such a
rate that the voltage required to maintain the positive column of the
(62)arc is greater than that which can be supplied by the circuit
The factors determining whether an a.c. arc will be extinguished at a
(63)current zero have been described by Slepian as, first, the rate of 
recovery of the voltage across the arc and, second, the ability of the 
arcing medium to recover dielectric strength. If the rate of recovery 
of the voltage across the arc exceeds the rate at which the arcing 
medium recovers dielectric strength, the arc will persist.
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Eaton et shows that the arc extinction in capacitive
circuits is more severe than in an inductive or resistive circuit.
This may be explained by the fact that after arc extinction (at zero)
the voltage across the electrodes (recovery voltage) tends to rise to 
a value equal to the sum of the generated voltage and the voltage 
trapped on the equivalent capacitor in the circuit. The greater 
persistence of the arc in the capacitive circuit seems to indicate 
that not only is the rate of the recovery of arc voltage important but
also the maximum value to which this voltage rises.
Eaton analysed the dielectric strength of the arc following 
a current zero. The author shows that, following a current zero, and 
before the air becomes deionized, a minimum voltage of 250 V is required 
to establish the arc again. Slepian has shown similar results.
If the arc current stays at zero for some time, the arc space will 
cool down, and the voltage required to re-establish the arc will increase 
A cathode-ray VA cyclogram of 122 cm arc in air^^^\ indicated that 
the re-ignition voltage increases with time until final extinction 
is reached.
4.6 Dielectric Recovery Characteristics of Long Air Gaps
In order for secondary arc extinction, dielectric recovery of 
the ionized fault-arc path must have proceeded to the point where 
application of the system recovery voltage will not produce sufficient 
current through the arc path to maintain ionization. The rate at 
which the insulator recovers its dielectric strength is believed to 
depend on:
1. The type of insulator string and the arcing horn^^^*^^^.
2. The magnitude and duration of the short circuit
^(66,67)current
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3. The wind speed, magnitude and duration of the 
(68)secondary arc
The dielectric strength recovery characteristics for different 
types of insulators in 500 kV transmission lines, after three phase 
interruption has been studied by Terase et ai(64,69) ^he authors 
concluded that the recovery speed is the highest in suspension 
strings- Another test indicated that suspension insulator strings 
with an intermediate horn exhibits the fastest dielectric recovery 
s p e e d A  laboratory study on 230 kV suspension insulator shows 
that the necessary deionization time increases linearly with the mag­
nitude of the short circuit current^^^^.
The arc hysteresis cyclogram of fig.4.4 is only repeatedly 
obtained if the voltage across the arc is such that the time for 
which the arc current remains at zero following voltage reversal is 
sufficiently small to ensure that the arc is re-established without 
an appreciable re-striking voltage, i.e. negligible arc deionization 
occurs during zero current time. Where this is not the case, a 
significant re-ignition voltage has to be developed before the arc 
characteristic of fig. 4.4 is attained. In effect, fig. 4.4 is 
applicable only where the re-ignition voltage per centimetre length of the 
arc is very small. Relatively few experiments have been performed 
that enable the re-ignition voltage of long unconstrained arcs to be 
even loosely defined. However, of the available information, the work 
by Fukunishi et al^^^^ is probably the most useful in that it specifically 
relates to the extinction of long secondary arcs preceded by a high 
current primary arc. Fig. 4.8a shows some useful results relating to 
the re-ignition characteristics of a 500 kV suspension insulator 
string protected by 4.05 m arcing horn gaps. It is evident that the 
rate at which the re-ignition voltage increases is a function of the
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time for which the arc exists. This feature is somewhat as expected 
because the levels of ionization within the main arc column gradually 
diminish after the transition from the high primary current to 
relatively low current secondary arc. Extinction at a time near the 
arc transition thus requires a lower re-ignition voltage for restriking 
to occur than does extinction at a later instant. Furthermore, the 
actual rate of increase of re-ignition voltage is seen to be lowest 
immediately at current interruption and a pessimistic model, in terms 
of arc re-ignition voltage, is obtained by assuming the linear 
approximations to the recovery characteristics as indicated in fig. 4.8b
In the absence of more extensive experimental data, this latter 
approach will be followed here, and it follows that if the time from 
arc transition to any secondary arc extinction (either intermediate 
or final) is defined as T^, the re-ignition voltage assumed varies 
with time as defined in eqn. 4.5.
IV (t)I = k(T )(t - T )h(t - T ) (4.5)r e e e
The function k(T^) is the rate of increase of the re-ignition voltage, 
and when the effect of the arc length increase recorded during the 
tests performed to acquire the characteristics of fig. 4.8a is 
included^^^^, its value corresponds to approximately 5 V/ms and 
15 V/ms per centimetre of arc length for T^ = 0 and 200 ms respectively. 
No further experimental results to enable the rate of increase of 
re-ignition voltage k(T^) to be estimated for other values of T^ have 
been located in the literature. In the absence of such information 
the author proposes a rather pessimistic linear change between and 
beyond the two known values as indicated in fig. 4.8c. The actual 
re-ignition voltage characteristic here used is therefore defined 
generally by eqn. 4.6.
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|v^(t)| = (5 + 50 T^)(t - T^)h(t - T^) kV/cm (4.6)
It is important to note that both the initial value of k(T^) (5 V/cm)
and the rate at which k(T^) is assumed to change are rather lower
than is likely to be the case in many applications because the secondary
arc is often preceded by a primary arc of lower duration and/or
magnitude than that associated with deriving the assumed variation
shown in fig. 4.8c. For example investigation into a 10 cycle, 40 A
secondary arc that was not preceded by a primary arc^^^^ indicated a
value of k(T^) of approximately 50 V/ms per cm of arc length for = 200 ms
Fig. 4.8d shows graphically how the re-ignition voltage defined
generally in eqn. 4.6 would vary subsequent to arc voltage polarity
reversals at several values of T^. It is worth noting that in terms
of predicting minimum dead times for single-pole autoreclosure, the
re-ignition characteristics here used are pessimistic from several
points of view.
A paper, very recently published^^^^ demonstrated the rate of 
rise of the withstand voltage across the arc path after secondary 
arc interruption for a simulated 765 kV air gap with 4.2 m clearance.
The author indicated that the withstand voltage reached 425 kV in 
45 ms and its dependency on time can be used in conjunction with the 
rate of rise of recovery voltage for analyzing the application of 
various s.p.s. compensation schema.
4.7 Arc Length Variation
The techniques developed in this work enable any desired arc
length variations to be simulated. However, the range of possible arc
. . . , , (30, 60, 59, 72,3) ^ , ,variations is extremely large . For example, under
heavy current primary arc and high wind speed conditions the rate of
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length increase is very high whereas, at the other extreme of a low
current primary arc in still air, only an insignificant increase in
secondary arc length may o c c u r F o r  the purpose of most studies
it is useful to define a reasonably realistic variation between these
extremes and this is the approach adopted here. In this respect, the
work by Anjo et al^^^^ on observing the behaviour of arcs by using
high speed photographic techniques is useful, and fig. 4.9 shows two
typical apparent arc length variations obtained by using a single
camera. Unfortunately, the secondary arc also bends in the direction
of the camera axis, a factor which undoubtedly partially accounts for
the different apparent arc lengths obtained in the two sets of results
illustrated. Indeed, it has been concluded by the authors of
reference 30 that the actual arc lengths are much longer than the
apparent values reproduced in fig. 4.9 (2.24 times the arcing gap
just before extinction) and it may reach up to 4 times the initial 
(72 59)arc length * . The camera recordings do not reveal any significant
arc length increase during the primary arc period and the length of 
the arc at the time of arc transition is therefore approximately equal 
to the length between the arcing horn (&^). With the foregoing 
consideration in mind, the linearised arc length/time variation indicated 
also in fig. 4.9 is used throughout the present work. This character­
istic is described mathematically by eqn. 4.7 and provides for no 
secondary arc length increase for the first 100 ms after arc transition 
and approximately 1% increase in initial arc length (&^) per ms there­
after
1, t < 0.1 s
(4.7)
10t, t > 0.1 s
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4.8 Self-Extinction Time of Secondary Arc
It is a well known fact that the self-extinction time tends to
, , . (8,9,27,30,31,72,731increase as the secondary arc current increases
However, the exact nature of this phenomena is not easily predictable.
The secondary arc stretches along the path having high ion density, 
hence, the secondary arc path winds considerably. Once the arc path 
is bent, electromagnetic forces act on the arc, and the arc path is 
stretched longer and longer until the final extinction^^^^. The 
higher the secondary arc current, the higher the electromagnetic 
force generated, thus the arc length can be stretched more easily 
with high secondary arc currents than when the secondary arc current 
is small. When the arc path is long enough, the ignition point on 
the electrode moves, resulting in shortening of the arc path or short- 
circuiting of the secondary arc. In such a case, the arc power is 
reduced and the secondary arc begins to lengthen again. This causes 
the self extinction time to become long. Depending upon whether the 
secondary arc is short circuited or not and the number of short- 
circuits, the self extinction time varies g r e a t l y ^ ^ ^ * .
On the other hand, the dielectric recovery voltage (v^(t)) of the 
arc gap decreases with increasing c u r r e n t . No further exper­
imental results to enable the rate of increase of the dielectric 
recovery voltage (k(T^)) to be estimated for different values of 
secondary arc current have been located in the literature. It is 
shown in section 4.6 that the rate of increase of the re-ignition 
voltage depends also on the instantaneous arc length. Thus the effect 
of the increase in the secondary arc current can be simulated by a 
lower rate of increase of the arc length which leads to a lower rate 
of increase of re-ignition voltage.
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In the absence of any information, required to simulate the effect 
of the increase in the magnitude of the secondary arc current on the 
rate of increase of the arc length and reignition voltage, the author 
proposes a rather pessimistic linear relationship between the rate 
of increase of re-ignition voltage and the magnitude of the secondary 
arc current, keeping the rate of increase of the arc length independent 
of the secondary arc. The actual re-ignition voltage characteristic 
is therefore defined generally by the following equation:
|v^(t)| = (DV^ + DV^ T^lCt - T^)10^ V/cm (4.8)
where
DV^, DV^ correspond to 5 and 50 in eqn. 4.6 and are inversely 
proportional to the magnitude of the secondary arc current
DV = 5o 1 sec
DV, = 351 isec
where i is in A (r.m.s.). It must be pointed out that the factor sec ^
DV^ is taken as 35, at 20 A, rather than 50 because the characteristics 
used in eqn. 4.6 are concerned with a 30 A secondary arc^^^^.
Under these assumptions, for the same recovery voltage, the 
secondary arc extinction time is almost linearly proportional to the 
magnitude of the secondary arc current. This conforms well with 
experimentally obtained results relating to the extinction times for 
different secondary arc currents^^^*^^^.
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4.9 Secondary Arc Path Representation and the Mechanism of
its Extinction
Based on the information in sections 4.2-4.6, the work by Storm^^^^ 
is particularly relevant to the secondary arc situation because long 
arcs up to 122 cm have been studied and the laboratory tests were 
arranged to eliminate, as far as was practicable, any changes in the 
arc length. The results would therefore seem to safely represent the 
arc VA characteristic per unit length. Fig. 4.10 shows the result 
of Storm’s investigation into an arc with a peak current of approx­
imately 144 A. From a computational point of view it is difficult to 
simulate exactly such a characteristic as in any event the work by 
Storm and o t h e r s s u g g e s t s  that there is likely to be some, albeit 
for many practical purpose small, variation in the VA cyclogram from 
one half cycle to another. With the foregoing consideration in mind, 
the piecewise linear approximation indicated in fig. 4.10 is proposed.
The rather lower levels of current commonplace in secondary arcs 
make it necessary to scale the cyclograms along the current and voltage 
axes in accordance with the peak value of the arc current expected.
Based upon values defining the points of discontinuity in the piecewise 
linear cyclogram of fig. 4.10 (I^, I^, 1^), the scaled version shown 
in fig. 4.11 is used. The value of is taken as the peak value of 
the steady state secondary arc current, in amps, assuming a constant 
fault path resistance (0.5 during the secondary arc period. The 
assumption of small resistance made for this purpose is justified on 
the grounds that the impedance coupling the sound and faulty phases 
is in practice very high. For example, a typical 100 km 500 kV 
uncompensated line possesses a coupling impedance which appears in 
series with the secondary arc of some 12 kSl. Even higher values are 
obtained when the line is compensated and, in consequence, simple steady-
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state estimates of I vary little whatever value of secondary arc
(3)resistance is assumed
In fig. 4.11, V represents the arc voltage gradient when the
(59)arc is burning in air, and is represented by :
V = 75 V/cmP P
If I exceeds 55 A then V is taken as constant and is equal to 15 V/cm. P P
The constant voltage (V^) region of figure 4.11 is extended indefinitely
to cater for transient current effects which may momentarily give rise
to currents in excess of the value I associated with a particularP
study.
Fig. 4.12 shows how the effect of a finite re-ignition voltage 
Cv^Ct)) is incorporated into the piecewise linear arc VA characteristic. 
Following arc voltage reversal, the arc current is held at zero for 
as long as the arc voltage magnitude remains below the value given by 
eqn. 4.8. In practice there is a current required to establish the 
pre-breakdown glow discharge, but this is so low in relation to the 
post break-down current that for practical purposes it can, as here, 
be safely disregarded. When the re-ignition voltage is exceeded, the 
arc voltage is assumed to attain the remainder of the VA cyclogram in 
the manner indicated in fig. 4.12. In this respect, the work of Brown^^^^ 
provides the only information that has been located in the literature 
which helps in defining the manner in which the arc voltage and current 
attain the voltage V^ after the re-ignition voltage has been exceeded. 
Although the work detailed in reference 61 does not enable this factor 
to be precisely defined, it does nevertheless broadly confirm the 
approach here used. It is important to note that the negative slope 
resistance path that is traversed for re-ignition voltage in excess of 
Vp (fig. 4.12) causes the post break-down current to increase very 
rapidly. In consequence the constant arc voltage condition (V^) {g
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equally quickly attained under such conditions. This feature of the 
VA cyclogram here used conforms to experimentally obtained results 
relating to the high speed with which arc voltage gradients attain 
the constant voltage following first b r e a k - d o w n .
4.10 Digital Simulation of the Arc
The method will be explained by reference to any positive half­
cycle of the arc, exactly similar equivalent techniques being applied 
when the arc voltage and current traverse each negative halfcycle.
With reference to fig. 4.12, the simulation process begins by checking 
the arc voltage against the total re-ignition voltage v^(t)£^t). The 
arc current is thus held at zero until the arc voltage exceeds the 
latter value, as defined mathematically in eqn. 4.9.
(4.9)
If and when the arc voltage reaches the value v^(t)^^t), the required
relationship of eqn. 4.10 is applied until the arc voltage V &(t) isP &
reached.
(4.10)
For any current in excess of the value 0.15 I , the arc voltage per» P
unit length takes the constant value V^ and the arc voltage is thus 
given by eqn. 4.11.
Varc(t) = Ip (4.11)
During most of the secondary arc period, the arc current increases 
to a value in excess of 0.38 1^. The subsequent reduction in arc current 
causes current to again reach the latter value after which the arc 
voltage and current are constrained to reach the condition for extinction
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according to eqn. 4.12.
Varc(t) ' V i  (t)/0.38 I l£(t), i Ct) <0.38 I (4.12)p arc p a arc p
It is important to note that near the end of the secondary arc period,
i.e. near final extinction, the current can start to reduce before 
reaching the value 0.38 I^. In this case, the arc voltage and current 
are alternatively constrained to reach extinction along the line used 
also for increasing current where v^(t) = 0. This path (A - 0) is 
indicated in fig. 4.12 and is defined in eqn. 4.13.
Varc(t) = [''p ° < iarc^‘> < Ip (4.13)
The above detailed processes are repeated again after each extinction.
In effect, the piecewise linear arc characteristic of fig. 4.12 is 
thereby cyclically traversed for both positive and negative halfcycles 
until final extinction occurs when |v^^^(t)| remains permanently below 
the arc re-ignition voltage |v^(t)| t). In eqns. 4.9 to 4.13, both
£̂ (t) and v^(t) are known functions of time given by eqns. 4.9 to 4.11 
and their negative half cycle equivalents can be written in the 
general form v^^^(t) = f(i^^^(t), t). However, since it is necessary 
to compute both system and arc path responses digitally, the discrete 
form of eqn. 4.14 is used to relate the arc voltage and current at any 
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Fig. 4.7 Cathode-ray volt-ampere 
cyclograms of vertical 
60-cycle arc drawn to a 
length of 122 cm in a 
40-kV circuit in air
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Fig. 4.8 Dielectric recovery characteristics of heavy current arc, 
small current arc, and secondary arc
(1) 8 kA, 5 cycles arc
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(3) 8 kA, 5 cycles and 30 A, 10 cycles secondary arc
(a) Typical arc recovery characteristics















time from arc extinction, (t-T^), (ms) 
(d)
time from arc transition, T^, (ms)
(c)
Fig. 4.8(continued)
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Fig. 4.11 Normalised linearised arc cyclogram
I = peak of steady-state secondary arc current








SECONDARY ARC CURRENT AND VOLTAGE FORMULATION
5.1 Introduction
Having defined the secondary arc model, the secondary arc current 
and voltage waveforms are investigated. The system response at any 
point can be investigated, after calculating the secondary arc current 
and voltage waveforms, using the superposition and Thevenin theorems.
In the present chapter, a method is derived based on a combination 
of the Fourier technique and Time Domain Convolution. The accuracy of 
the Fourier method is thus retained in that all frequency dependent 
parameters are taken into account, while the non-linear analysis is 
carried out in the Time Domain using the superposition integral. In 
the method, the Thevenin voltage waveform is obtained in the absence 
of the secondary arc (assuming that the arc is removed immediately 
after the opening of the second breaker), together with system responses 
due to a unit step current injected into the system from the secondary 
arc terminals. Both sets of waveforms are obtained using the Fourier 
transform. The waveforms are then coupled with the secondary arc 
characteristics to yield the required secondary arc current and voltage 
using the Time Domain Convolution.
5.2 Basic Solution Method
Fig. 5.1 shows the circuit state following an 'a’-earth fault arc 
transition, i.e. conditions during the secondary arc (dead-time) period. 
At the instant of arc transition, the primary arc resistance (R^) is 
replaced by the non-linear secondary arc model developed. However, in
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order to determine the secondary arc response it is necessary to 
first consider the Thevenin equivalent of the system as viewed from 
the arc location. This is shown in fig. 5.2, from which it is seen 
that the secondary arc forms a simple termination of the equivalent 
driving circuit. By the definition of Thevenin equivalent circuits, 
the voltage is the frequency spectrum.of the voltage which would 
appear across the points F-E (see fig. 5.2) if the secondary arc 
extinguished immediately. In the course of this work, it is the time 
variation of the Thevenin voltage e^(t) that is used and this is in 
turn computed in discrete form e^(n) by using the Frequency Domain 
methods of reference 47. Essentially, the fault point voltage to 
earth is first computed for a hypothetical transient fault that 
fails to conduct current immediately following arc transition. By 
definition this voltage is, for all time after arc transition, equal 
to e^(t). Also by definition, the Thevenin impedance is the 
impedance which would be measured looking into point F-E 
with all system source voltage short circuited, i.e. the de-energised 
system impedance as viewed from F-E with the arc path open-circuited. 
The value of has to be computed over the complete range of 
frequencies of interest and the methods by which this is achieved are 
detailed in section 5.3. With reference to fig. 5.2, the Frequency 
Domain relationship of eqn. 5.1 relates the arc voltage and current.
V c  ' " l - L r A  (5-1)
However, the non-linear behaviour of the secondary arc demands that a 
solution during the secondary arc period be effected in the Time Domain 




= (yXt) ■ TIf _/" ^Lrc expCjojtldm (5.21
The inverse Fourier integral of eqn. 5.2 can be evaluated in the Time
Domain by means of the Convolution theorem and, when this is done, the
full Time Domain solution of eqn. 5.3 emerges.
v^^^(t) = e^(t) - f  Z^Ct - T)i^^^CT)dT (5.3)
where
1 r°°Z^(t - r) = Z^ exp(ju)(t - r))dw (5.4)
The impedance function Z^(t - t ) is thus the voltage which would arise 
if a unit impulse of current were injected into the Thevenin impedance 
Z^. In accordance with the usual requirements for the causality of 
real systems, the function Z^ (t - t ) must be equal to zero for 
t - T < 0, i.e. for t > t. For the purpose of solving eqn. 5.3, it is 
convenient to define the time t = 0 as the time of arc transition 
(start of secondary arc). Thevenin equivalent of fig. 5.1b is then 
only applicable for the time t > 0, the value of the secondary arc 
current (i^^^(t)) being zero for t 3 0. It follows that i^^^(T) = 0 
for T < 0 and with these conditions in mind, the limits of integration 
in eqn. 5.3 are modified as per eqn. 5.5.
Varc(c) = e^Xc) - f  Z^(t - T)i^^^(T)dx (5.5)
Jo
In common with previous work, the integral eqn. 5.4 is evaluated 
numerically in discrete sample data form by using the half range 
modified Fourier transform i n t e g r a l . Thus, both e^Ct) and Z^(t - t ) 
are known in discrete sample data form, and it is shown in Appendix 5.1
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that eqn. 5.5 can be written in the recursive form of eqn, 5.6 to 
relate the arc current at any time nAT to the known discrete value 
of Thevenin voltage e^(n).
«?(!) = 6T/2
n-1
e Cn) = f(i (n),n) + Z (OU (n) AT/2 + I Z (n - l)i (k) AT (5.6) ̂ o.lC 1 o-lC y X alTCk=l
The first of the above equations is solved using the value e^(l) 
to provide the arc current at the first sample step time AT after 
transition. From thereon, the second eqn. of 5.6 is solved recursively 
by noting that the terms within the summation over the range k = 1 -» n - 1 
contain only past history of the arc current.
5.3 Digital Evaluation of Thevenin Impedance
The method of calculating Z^ is based on reducing the system 
network under study to a single-port equivalent network as viewed from 
the fault point. With reference to Figs. 5.1 and 5.2 it is required 
to determine the impedance measured between points F-E with all sources 
de-energised. Using two-port matrix function theory to describe the 
equivalent line/reactor section, the frequency domain relationship 






Because a de-energised condition is considered, eqn. 5.8 applies at 
the receiving end source.
^SR ’■Rl (5.8)
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Now the conditions at the receiving end breakers are such that the 




2 [^R2a ° ^R2b ^R2cJ
= [\2b \2c]"
(5.9)
The constraints of eqn. 5.9 can be applied to eqn. 5.8, in which the 
'b’ and 'c ̂ phase voltages and currents are related by a sub-matrix
ZsR' ZsR' say:
or
[  ^R2b ^R2c] ^SR[^R2b R̂2c]
^R2c] " ^SRl^^R2b ^R2c^
■  [ < '
[ ÏR2b Ï-- = T-'l V (5.10)
where Y
It will be noted that I^^^ ~ 0 and that consequently eqn. 5.7 can be 
written:
T
Vf = ^2 VR2 +




where B^, are sub-matrices of B^ and respectively. Substituting 
eqn. 5.10 into 5.11 yields:
TVfR 2̂ Vr2 ®2 VgRi ̂ ̂R2b V%2c
^f ^2 Vr 2 ^2 VgRl I \ 2 b  Vr 2c
*2 '’-R2
= C; VR2
Therefore ifR = ZRaifR (5.12)
The part of the circuit linking the fault point to the sending 
end source is likewise treated to obtain, according to the current 
directions defined in Fig. 5.1:
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TVf ~ pî] ^fS ' ^Sa^fS C5.13)
The vector of fault point currents = I^g - 1^^ is, from eqn. 5.12, 
5.13 given by:
Therefore + z'^]'! C5.14)
Now the fault point is constrained such that = 0, and it
follows from eqn. 5.14 that:
Vfa = - Zlfifa (5-15)
t
"XZsa ^ Zr ^J * should be noted
that for the reference directions of current assumed (see Fig. 5.1), 
the Thevenin impedance is given by - which is in turn equal
to the impedance function Z^^ defined in eqn. 5.15. Z^ is thus 
computed at all spectral frequencies necessary.
5.4 Digital Evaluation of Thevenin Voltage
To calculate the Thevenin voltage e^(t), consider Fig. 5.3 at
the fault point, v^^ is a voltage which is zero for all time up to
the arc transition time T^. It is also a voltage which forces the
total current i (t) to zero for all time after T . It follows that a o
the Thevenin voltage e^(t) could be calculated as equal to the 
voltage v^^(t) after time T^, i.e. e^(t) = v^^(t) h(t - T^).
Consider the current i^(t) (see Fig. 5.3), this will be equal to 
the sum of the response due to the application of v^^ and the injected 
current to simulate the opening of the faulted-phase breakers plus the 
current i^^(t) which flows in response to the application of v^^ to
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the circuit with the breakers opened (Fig. 5.4). Consider Fig. 5.4 
in the frequency domain.
^fo = Ÿfo + iao (5.16)
^fo = - L o  "t
Therefore V = - I CZ„ + R^) (5.17)fo ao T T
Let the sum of the currents in the fault path due to the application 
of and the currents injected to simulate the opening of the 
breakers be given by i^^(t) (i^^(t) in chapter 3), then
iao(t) + h(t - T^) = 0
r^ob
or ~ ~ J exp(-j(w - ja)t)dt (5.18)
^o
Therefore can be calculated in the frequency domain, and v^^(t) 
then obtained. The Thevenin voltage is then calculated in the time 
domain by eqn. 5.19.
e (t) = Vr,(t) h(t - T ) (5.19)i r i o
The time T^ is used as equal to the second breaker opening time T^g*
5.5 Evaluation of Voltages and Currents at the Relaying Points
Having obtained the secondary arc current and voltage, the total 
fault point voltage throughout the pre-fault, primary and secondary 
arc periods are defined. If required, the total fault point voltage 
can then be used as a forcing voltage function in the simulation of 
the system voltages and currents at any other point.
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Consider the system at the fault point, as shown in Fig, 5,5,
where is the new superimposed voltage which is no longer equal and
opposite to the steady-state voltage v^^. The current i^Cc) is equal
to the fault current i^^(t) for 0 < t < T^, and is equal to the
secondary arc current i (t), for t 5 T .arc o
The voltage across the arc path for all time after the inception 
of the fault is given by:
e^Ct) = i^^Ct) Rp hCt) - ig^Ct) R^ h(t - T^) + v^^^(t) h(t - T^) (15.20)
Consider Fig. 5.5,
i.Ct) = i . (t) h(t) - i ,(t) h(t - T ) + i (t) h(t - T ) (15.21)A ai ai o arc o
or v^^(t) = e^(t) - i^(t)Rp - v^^(t) (5.22)
The new superimposed voltage in the frequency domain is then obtained 
from eqn. 5.23.
T ,_ ob
=  -J v^^(t)exp(-j(w - ja)t)dt (5.23)
The new superimposed voltage is then injected to the system through 
a constant fault resistance R̂ ,. The fault calculations and the breaker 
opening have to be repeated. The response at any point in the system 
is then found as a summation of all the separate components, i.e. 
steady-state, fault inception and breakers opening.
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5.6 Evaluation of the Secondary Arc Current and Voltage:
Computational Considerations
The solution for the secondary arc current and voltage is more 
complicated than has been indicated from eqns. 5.6. This is mainly 
due to the fact that the arc does not necessarily follow the whole 
halfcycle path o-a-b-c-b-o Cor, o-a'-b'-c'-b'-o) as defined in Fig.5.6. 
During the first cycle, after arc transition, the arc may follow the 
path o-a-b then start decreasing before reaching b. Similar situation 
could happen along the path o-a or b-o. With the foregoing considerations 
in mind, the set of equations 5.6 could be solved as shown below 
(see Fig. 5.6). The arc characteristic is assumed to follow the path 
o-a (or, o-a’), i.e.
''arc(l) =  i a r e O ) / °  15 Ip  (5.24)
By substituting for v (1) in eqn. 5.6, i (1) can be calculated.arc arc
Now, i^^^(l) has to be compared with 0.15 in sign and magnitude as shown;
1. If Ii (1)1 < 0.15 I then the value of v (1) is' arc ' p arc
calculated from eqn. 5.24 using the calculated value of
larc(l>-
2. If i (1)  ̂0.15 I then the arc is assumed to followarc p
the path o-a-b, i.e.
Varc(l) = (5.25)
Then by substituting for v (1) in eqn. 5.6, i (1)■' ® arc ^ arc
could be calculated.
3. If i (1) ^ -0.15 I then the arc is assumed to followarc p
the path o-a’-b’, i.e.
''arc(l> = - Vp%a(l) (5-26)
Then, by substituting for v^^^(l) in eqn. 5.6, i^^^(l) 
could be calculated.
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At this stage i (1) and v (1) could be obtained. Then i (2), arc arc arc
i C3) i (k) could be calculated until i started to decrease,arc arc arc
i.e. |i^^^(k)| < I ( h  - 1)|. In this case, the following possibilities 
would exist (assuming i^^^(l) is positive):
i) The current was increasing along the path o-a, but
before reaching a it started to decrease. In such a
case the current was assumed to follow the path a -o,o
where a^ corresponded to the latest calculated values
of current and voltage before the current started to
decrease. If the current started to increase again,
it would have to continue doing so along the path o-a^,
but, when it exceeded the value which corresponds to
a , it would then have to follow a new path a -a. The o o
arc voltage, in this case, could be defined by eqn. 5.27 
or 5.24 (depending upon the arc path).
Varc(k) = i V -  l)l ( k - l ) (5.27)arc a
ii) The current was increasing along the path a-b, but before 
reaching b it started to decrease. In this case the 
current was assumed to follow the path b-a as defined 
in eqn. 5.25.
iii) The current was increasing along the path b-c, then 
started to decrease. If the current decreased to a 
lower value than that which corresponded to b, it would 
then have to do so along the path b-o. But if it 
started to increase before reaching o, then it would 
have to do so along the path o-b-c. The arc voltage, 
in this case, could be represented by eqn. 5.28.
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V (k) = V i Ck)Jl Ck)/0.38 I (5.28)arc p arc a p
In each of the above three cases the voltage/current relationship
has to be defined before solving for * Tbs process of the
calculation is repeated until voltage reversal (i.e. when the current
passes through zero which means is negative). However, the
arc current i (k) should be re-set to have the zero-value. In arc
this case, the arc voltage (v^^^(k)) and the re-ignition voltage 
(v^(k)) is thus as given below (see eqn. 5.6):
k-1
" Ï Z^(k - j)i^^^(j)AT (5.29)
j=l
The re-ignition voltage was calculated using eqn. 5.30.
V (k) = (DV + DV.T )(t - T )10^ V/cm (5.30)r o i e e
where t = k.AT and (t - T^), which is shown in fig. (5.7) can be 
defined by the following equation:
|iarc(k)|
By comparing the value for v^^^(k) with the corresponding value for 
v^(k), the following possibilities result:
a) v^^^(k) < -v^(k)£^(k)
b) Varc^^)  ̂v^(k)£^(k)
c) |v^^^(k)| ^ V (k)& (k)arc ' r a
In the first case (a) the secondary arc current will continue along 
the path a|-a'. In this case the arc voltage could be defined by the 
following eqn.:
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V (k) = [(V - V Ck))i Ck)/0.15 I - V ( k m  Ck) (5.32)arc L P ^ arc p r J a
Now, i (k) can be recalculated from eqn. 5.6 and v (k) is thus arc  ̂ arc
calculated from eqn. 5.32. In the second case (b) the secondary arc 
current will continue along the path a^-a. The arc voltage in this 
case is defined by:
° [(''p-\(k))i^^Jk)/0.15 Ip + v^CWjfgOc) (5.33)
While in the third case (c) the current i^^^(k) will be kept at zero
value and i (k + 1) is thus also set to have a zero value. Now arc
v^^^(k + 1) and v^(k + 1) can be calculated after re-adjusting the 
time intervals (t - T^) by the increment AT.
The process is repeated until the arc extinguishes at a current 
zero. The calculations for the recovery voltage should continue by 
using eqns. 5.29-5.32. Finally, the above procedure leads to the 
establishment of the secondary arc current and voltage waveforms.
i
> ® 1 ^ 2  *
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Fig. 5.5 Fault path equivalent circuit
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Fig. 5.7 Linearised re-ignition voltage
characteristic at voltage reversal
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CHAPTER 6
DIGITAL SIMULATION OF SINGLE-POLE RECLOSURE
6.1 Introduction
Single-pole reclosing is especially attractive from a switching
surge point of view as surges associated with single-pole reclosing
are significantly less than those associated with three-pole reclosing
(51,76)^
However, single-pole reclosure transients may still exceed the 
voltage level necessary in order to effect the desired reduction in 
the insulation level of the system. This voltage level is often 
specified in the range 2.0-2.5 p.u. of the peak phase-to-neutral 
voltage of the system, and, where energisation transient voltages 
do not fall inherently below this level, they must be restricted by 
other means.
The switching surges are dependent on the voltage across the 
circuit-breaker contacts at the instant of closing and are reduced 
considerably if this voltage is zero. The results of tests using
the method of synchronous closing at voltage zero are described by
ng switi
(51,77)
Maury^^^^. The other well known method used for reduci itching
overvoltages is to use breaker with closing resistor(s)
Despite the fact that some reduction in the transient switching 
overvoltage is realised with the synchronous closing scheme, the 
critical tolerance on the breaker closing time and the need for 
additional voltage measurements make this technique unattractive. An 
optimum solution to the line energization problem in e.h.v. systems
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includes a combination of adding switching resistance and adopting 
synchronous closing. This would make it possible to allow the breaker 
closing time to vary within certain limits and yet Jiave the transient 
overvoltage limited to an acceptable level.
For successful single-pole reclosing there must be an adequate
time between the extinction of the secondary arc and reclosure, for
deionization and re-establishment of the dielectric strength between
the arc electrodes. However, there is little information available
about this time. The results of a staged-fault test on 230 kV systems
f78)indicated that 2 cycles provide sufficient time for deionization
There is also information from laboratory tests on residual arcs over
400 kV and 765 kV V-strings insulators, with line capacitance simulated
(31)by capacitors. The paper on those tests states that 40 ms is 
adequate for deionization. Some information is also available from 
the TVA tests^^^^, in one test the line was re-energized only one 
cycle (1/60 s) after arc extinction and the arc was re-established.
However, the result of a test on 500 kV suspension string shows 
that this time is dependent on the secondary arc extinction time^^^^. 
This is due to the effect of the secondary post arc gas, i.e. when 
the arc extinction time of the secondary arc is considerably long, 
the primary luminous gas cloud has disappeared by that time, and the 
dielectric recovery resembled that of the independent secondary arc. 
This information, though perhaps inconsistent, gives a general idea 
of the necessary deionization time.
In this chapter, the methods used for simulating circuit breaker 
reclosures in the Frequency Domain, at the end of the dead time, are 
d e s c r i b e d T h e  reclosure time is controlled so that closing the 
breaker will happen when the voltage across the breaker terminals is 
zero (or minimum).
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6.2 Breaker Re-closure Technique
Having determined the total time varying response across the 
sending and receiving end breakers, it is possible to inject an equal 
and opposite voltage to the latter such that at breaker closure at 
time say T^^ the total voltage across the breaker is zero.
At a certain time, say 0.5s after fault inception, the sending and 
receiving end circuit breaker terminals is checked for zero voltage 
crossing. The closing of the pole in which the voltage first passes 
through zero is simulated by an injected voltage, equal and opposite 
to the relaying point voltage at the breaker terminals. As outlined 
in reference 34, this part of simulation is again essentially one 
of superposition and can best be explained with reference to Fig. 6.1 
which shows a line to ground CLG) fault occurs and the breakers in 
phase â* are opened to clear the fault. The total voltage across the 
sending and receiving end breakers are e^^Ct) and e^^Ct) respectively.
ega(c) = 0. t <
= 0. t < 1^2
T^^, T^ 2 represent the time at which the sending and receiving end 
breakers open respectively.
If time after fault (allowing for the breaker opening time, arc 
extinction time, and insulator recovery time) at which the first zero 
crossing of say the sending-end a-phase voltage across the breaker 
terminals occur is T^^, then the frequency spectrum of voltage
which is injected into the opposite direction to simulate a-phase 




^Sa [j-j Cw - ja)J t dt
b5
in Fig. 6.2 is the frequency spectrum of a current source which 
arises due to the injection of voltage Eg^^.
The 9 x 9  admittance matrix of eqn. 3.6 (chapter 3) is used again 





















Eqn. 6.2 can be solved in the same way used to solve eqn. 3.6 in
the opening breaker technique. The eight known zero-valued transforms
are Ï , Ï , E_^, and ËLc. • The ninth known value is Ë .F5a,b,c R5a’ S5b,c R5b,c S5a
With reference to eqn. 6.2, all rows and columns that correspond 
to zero-valued transforms in the voltage vector can be removed, to 









Y^(l,l) Y^a,2) Y^Cl,3) Y^Cl.D Y^a.l)
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Y^(3.n Y^(.3,2) Yj(3,3) Y^O.l) Y^Cj.l)
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1 '  ' '  I ' " '  '  “ 2^ ’ '  3'














From eqn. 6.4, (6.5)
Substituting for in eqn. 6.4, the transforms ^ ^ and
are obtained. Further substitution of the resulting known voltage 
vector into the full admittance
matrix eqn. 6.2 enables the remaining current transforms values to be 
obtained.
These are then transformed back into the time domain using the 
Fourier Transform techniques. The total time domain response of say 
the voltage across the sending and receiving end breakers at this 
stage would then be:
(6.6)
where t = 0 ->■ T , ob
The above process is then repeated for the second breaker reclosure, 
to give the total overall response.
b O —
a O —
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Fig. 6.2 Frequency-domain superimposed-system model
- 75 -
CHAPTER 7
PARAMETERS OF SYSTEM STUDIED
7.1 Introduction
The computational results presented in this work are for two 
different systems:
1) Uncompensated short line (120 km)
2) Compensated long line (300 km)
Both systems can be single-section or 4-section feeder systems. Both 
lines are regularly transposed through three equal intervals and the 
long line is compensated by the 4-reactor scheme located at each line 
end. The single-section feeder is fed at its remote-ends by the main 
sources s.c.l and s.c.2. The 4-section feeder systems is fed by 
s.c.l and s.c.2 at its remote-end; other infeed/outfeed s.c.3, s.c.4 
and s.c.5 are also considered. Both systems compromise 500 kV, single­
circuit transmission line(s).
In this chapter the parameters of transmission line(s), shunt 
reactors, line infeed/outfeed and that used in the Fourier transform 
routine are presented.
7.2 Transmission Line Parameters
7.2.1 Line construction
Fig. 7.1 shows the typical quad, conductor 500 kV line configu­
ration considered. The positions of the conductors illustrated 
correspond to the positions over the first one third of the line
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section from the sending end of any discretely transposed section. 
The data for the line are:
1) Phase conductors = 4 x 477 MCM A1 alloy,
221,5 mm overall equivalent, 242 mm A1 equivalent, 
19/4.3 mm stranding
2) Shield wires = 7/3.5 ram Alumoweld 
31 Earth resistivity = 100 fhn
Distance between arcing horns (£^) = 4.05 m
Conductor resistance = 0.0217512 fi/km (at 50 Hz)
Earth wire resistance = 1.0916841 0/km (at 50 Hz) 
Conductor reactance = 0.00380647 fi/km (at 50 Hz)
Earth wire reactance = 0.3877944 fi/km (at 50 Hz)
For the two systems considered, line lengths are:
a) For the single-section feeder system, 
uncompensated, I = 120 km
b) For the single-section feeder system, 
compensated, £ = 300 km. For the 4-section 
feeder system line lengths are 300, 300, 150 
and 150 km from the sending-end to the 
receiving end respectively.
The frequency variation of all earth and conductor parameters is 
simulated.
7.2.2 Computed basic parameters
icesThe line series impedance ̂  Z J and shunt admittance ^Yjmatri 
at power frequency are shown below. The methods used to calculate Z^ 
and ^ y J are described in Appendix (2.2).
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,1019 + j.5011 .0791 + j.1856 .0813 + j.2273
,0791 + j,1856 ,1019 + j.5011 .0813 + j.2273
,0813 + j.2273 .0813 + j.2272 .1049 + j.4979




X j 10  ̂ ^/m (7.2)
From eqns. 7.1 and 7.2, the propagation constant matrix y , the surge
impedance matrix , and the corresponding surge admittance matrix
Y are calculated, o
7.2.3 Secondary arc current and recovery voltage 
(capacitive components only)
The shunt admittance matrix Y is used to calculate the zero 
and positive sequence capacitances of the line as follows;
-?12 -?13
-?2i ?22 -?23 0 (7.3)
-?3i '^32 ^33
As the line is assumed to be transposed, averages of the self and 
mutual terms may be made
[ ’̂ t] =
Y -Y -Ys m m
-Y Y -Ym s m
-Y -Y Ym m s
^ ^ / m  (7.4)
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where
^ y J ls the shunt admittance matrix for a transposed line
' (?11 + 2̂2 ' 733)/3-° 
= (?12 + h 3  + ?23)/3-0
With reference to the matrix eqn. 7.2
^/m= j  3 . 4 9 1 1 5 2 3  x l o ‘
Y = j 0.4947724 x 10 m fi ^/m
(24)The transposed line capacitance matrix is
[c] = /jm
c -C - cs m m
- c C - cm s m
- c - c Cm m s_
F/m
where
C = 1.11126 X 10 F/m s
C = 0.15749 X  ICT^I F/m m
From these self and mutual terms, the positive sequence and zero
(24)sequence values may be determined :
Cl = C + C = 1.26875 X 101 s m
-11 F/m
.-11C = C - 2C = 0.79628 x 10 F/mo s m
The line capacitance ratio^^^^ (K) is:
K = C /C, = 0.62761o 1 ( 7 . 5 )
The steady-state secondary arc current assuming a zero secondary arc
. , . (3,14,15)resistance is :
I = -joo C E sec o m a (7.6)
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where
E = tQpQ /2 = 408248 peak volts
/3
I = 2,01988 X 10  ̂ A/m (peak)sec
The steady-state recovery voltage 
E
V   V -  = - 0.141722 E (7.7)r C a
m
= - 57858 V (peak)
7.3 Shunt Reactor Parameters
In this section, the calculated reactor parameters are presented 
The shunt reactor has three quantities to be defined^^^^;
1) The degree of the positive sequence shunt 
compensation h^
2) The degree of the zero sequence shunt 
compensation h^
3) The phase and neutral ' Q’ factor, where 
Q = X/R
Eqn. 7.8 (which is described in chapter 2) is used to calculate the 
value of h^ required to limit the capacitive component of the steady- 
state secondary arc current to a certain value for an assumed value 
of h^.
I = I /L = -(H. - kH )/3sec.p.u. sec d 1 o (7.8)
where
Hi = (1 - hi), = (1 - h j
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For a typical value of = 0.75
I = 0  when h = 0.6016635sec.p.u. o
This represents the optimum neutral reactor (neglecting the effect 
of the electromagnetic coupling). In this case
= j 733.1 Cat power frequencyl 
Xp = j 2230.1 ^ (at power frequency)
Or under optimum conditions the ratio X^/X^ = 1.986.
For 300 km line, = j 488 A (peak) and 1^^^ = j 60.6 A (peak).
To limit the capacitive component of the steady-state secondary arc 




The neutral inductance (X^) in this case is equal to 267.5
(X^/X^ = 1.359). The recovery voltage under this condition is equal
to -123.2 kV (peak).
A 'Q' factor of 250 was assumed for neutral and phase reactor.
7.4 Source Parameters
7.4.1 Single-section uncompensated system (120 km)
Sending end source capacity s.c.l = 1500 MVA. 
Receiving end source capacity s.c.2 = 5000 MVA 
Sources X/R ratio = 100 
Sources ZgQ/zgi ratio = 0.5 - 1.0
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7.4.2 Single-section compensated system (300 km)
Sending end source capacity s.c.l = 5000 MVA 
Receiving end source capacity s.c.2 = 5000 MVA 
Sources X/R ratio = 100 
Sources ^gg^^Sl =1.0
7.4.3 Four-section compensated system (300 km,300 km, 150 km, 150 km)
Sources X/R ratio = 100 
The sources ratio and their capacities starting from sending
end are:
s.c.l = 0.25 GVA , ^SO^^Sl = 0.4
s.c.2 = 5.0 GVA , ^so/^si = 1.0
s.c.3 = 5.0 GVA , ^SO^^Sl = 1.0
s.c.4 = 1.0 GVA , ^SO^^Sl = 0.5
s.c.5 = 5.0 GVA , ^SO^^Sl = 0.5
The line under study in this system is the second section from the 
left (300 km).
7.5 Modified Fourier Transform Parameters
In the single pole autoreclosure analysis, the Modified Fourier 
Transform method is used. In this case, the basic frequency (Aw), 
the maximum number of samples (N) and the frequency shift constant (a) 
may affect the system responses. Therefore appropriate values for 
these quantities should be used^^^*^^*^^\
In the present studies, these parameters are taken as follows:
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Observation time 'T , ' = 0.8192 secob
Frequency shift constant ’a' = 7.67
Number of samples *N' = 4096
Truncation frequency 'ü' = 2.5 kHz




a = 2 Aw 2-iï/T
= N/2T , Hz ob
The calculated responses are accurate only for a time up to about 










Fig. 7.1 500 kV horizontal line construction
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CHAPTER 8
SYSTEM STUDIES: UNCOMPENSATED LINE
8.1 Introduction
The mathematical model of the secondary arc path, as developed 
in chapter 4 and 5, is used in this chapter to obtain the system 
response. The fault simulation, breakers opening and reclosure 
techniques are described in chapters 2, 3 and 6.
The results of many research works, both in the field and 
laboratories, show that the magnitude of the secondary arc current, 
amplitude and the steepness of wavefront of the recovery voltage, 
are among the most essential factors affecting the extinction time of 
the secondary Several factors can affect the
des of the secondary arc current and recovery voltage. These 
fault location, line length, transmission-line loading,
)sition and parameters of terminal stations. However, there 
ler factors which play important roles in the extinction time,
IS the wind velocity and the type and length of the insulator 
-ngs.
To justify the digital simulation of the secondary arc path it 
felt necessary to consider the effect of the above mentioned factors 
\e extinction time of the secondary arc. The transmission line 
isidered to be discretely transposed at 40 km intervals along 
mgth of 120 km and to have the following features:
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1) The capacitive component of the steady-state 
secondary arc current is approximately 17.14 A (r.m.s.) 
and, as such, is below the level generally deemed 
necessary for the use of shunt reactor compensation.
2) Faults are simulated on the ’a’ phase at various 
point (x^) along the feeder.
3) Various breaker opening times are studied with current 
interruption at the breakers occurring at or very close 
to a current zero, i.e. small current chopping.
4) Breakers reclosure occurs when the voltage across 
the breaker terminals is minimum.
5) The capacity of the sending and receiving end sources 
are 1500 and 5000 MVA respectively.
6) The fault is applied at the maximum point on the wave, 
except in one case where the fault is applied at zero 
voltage.
7) The arc length variation, unless otherwise stated, 
takes the following form:
H (t)/£ a o
1.0 , t < 0.1s (8.1)
10 t , t > 0.1s
8.2 Effect of Fault Position: Zero Power Transfer (v^A^„ = 1/jOf)   b— K ---- ----
8.2.1 Fault at the sending end
The system under study, as shown in fig. 8.1, is assumed to 
be at steady-state conditions until the occurrence of the fault at 
time T^. The sending end phase 'a' breaker opens first at time T^, 
followed by the receiving end breaker opening at time T^. The steady 
state secondary arc current waveform is shown in fig. 8.2a. This
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waveform is based upon a constant secondary arc resistance of 0.5 0 
as mentioned in chapter 3. The system Thevenin impedance (Z^) and 
Thevenin voltage (e^(t)) waveforms are shown in fig. 8.2b,c. The 
magnitude of the secondary arc current (fig. 8.2a) is approximately 
equal to the calculated value which has been shown in the previous 
chapter. The peak to peak value of the Thevenin voltage is approx­
imately twice the peak value of the recovery voltage which has also 
been calculated in chapter 7. The Thevenin voltage waveform has a 
d.c. offset which characterises the breaking of a capacitive circuit.
Figs. 8.3-8.5 show several features of the system throughout 
the whole process of single phase fault clearing and autoreclosure, 
when the non-linear arc characteristic is used. With reference to 
fig. 8.3a it can be seen that the voltage at end S (voltage across 
arc path for this fault) drops on fault inception time CT^) from the 
normal peak phase to earth voltage of approximately 408.2 kV to the 
relatively low primary arcing voltage. After fault isolation at 
time T^ the arc voltage builds up gradually until final extinction 
at time T^. It is of interest to note that the recovery voltage 
across the fault arc path in the period (T^ - T^) is almost fully 
offset. This phenomena, which has been experimentally observed by 
several authors^^'^*^^*^*^^^, occurs because the faulted phase is 
effectively floating during the time interval T^ to T^. At arc 
extinction, all the energy within the faulted phase is thus manifested 
in the form of a steady uni-directional trapped charge voltage, the 
power frequency voltage coupled from the energised sound phases being 
superimposed thereon. The peak to peak value of the power frequency 
component of the recovery voltage is approximately 115.2 kV, and this 
compares with a theoretical value, as outlined by simple steady-state
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a n a l y s e s of approximately 115.7 kV.
Successful autoreclosure is achieved at times and T,, the
D 6
arc reignition voltage being sufficiently high to withstand the
momentary switching surge-type overvoltage that occurs principally
during the 6 ms time interval between reclosure at ends S and R.
It can be seen from fig. 8.4a that the voltage observed at the end R
remote from the fault exhibits the usual high frequency travelling
(47)wave induced distortion during the primary arc period . Considerable 
high frequency distortion also occurs subsequent to clearance at end 
R at time T^, the most likely cause of which is low level clearing 
induced travelling waves within the faulted phase being in transit 
between the secondary arc point and the now open-circuited R end.
Smilar effects are observed near final arc extinction at time T^, but 
in this case the travelling waves giving rise to high frequency 
oscillations are induced by the collapse of voltage across the 
secondary arc following sudden re-strike. Figs. 8.3d and 8.4d show 
the variation of the faulted phase currents at either end. It is 
evident that the action of autoreclosure at end R produces uni­
directional current waves for about 4 cycles of power frequency.
This feature is of importance in relation to the performance of 
protection equipment. Figs. 8.3e,f and 8.4e,f illustrate also the 
sound phase currents at the sending and receiving ends. It is of 
interest to note that the sound phase currents do not reduce immediately 
subsequent to clearance at end S because, in the time interval T^ to T^ 
current is fed to the fault from the remote end R. The high current 
in the faulted phase causes a longitudinal induced voltage to occur 
along the whole length of the sound phases, and this in turn forces 
the relatively high sound phase currents to continue to flow throughout
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the whole of the primary arc period to T^.
The behaviour of the fault arc path is illustrated in fig. 8.5.
With reference to fig. 8.5a, the reduction of the primary arc current
following clearance at end S is evident. The transition to secondary
arcing is also evident, although the secondary arc current is
relatively so small that the detail in the period T^ to T^ has to be
appreciated from fig. 8.5b. The effect of the arc length increase is
most marked in the voltage waveform (fig. 8.5c) which exhibits the
expected constant voltage type characteristic. Both the secondary arc
voltage and current are characterised by an initial relatively high
noise period of duration approximately 10 ms, during which time
significant high frequency oscillations occur. The second stage of
the arc consists of relatively smooth non-linear waveforms which
contain only low levels of high frequency distortion. The partial
extinctions of the arc as final extinction is approached are particularly
evident from the current waveform of fig. 8.5b. A comparison of
fig. 8.5b and c near final extinction shows clearly the rise in voltage
across the arc path during zero current time, followed by rapid voltage
collapse and an associated high current spike caused by arc re-ignition.
It is of interest to note that the three distinct stages of the
secondary arc and their characteristic features were first observed
(3)experimentally by Maury , but to the best of the author's knowledge, 
they have not previously been simulated. The fact that such phenomena 
are reproduced is of importance in that it provides some evidence of 
the validity of the new techniques presented in this study. It may 
further be noticed from fig. 8.5b that the peak of the secondary arc 
current during the essentially periodic second stage of the arc is 
nearly constant at approximately 25 A. This figure compares favourably 
with a value of approximately 24.3 A obtained for the line in question
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(3)when using the simple steady-state analytical method of Maury
8.2.2 Fault at the mid-point
Fig. 8.6 illustrates the secondary arc behaviour following a 
mid-point fault. A comparison with fig. 8.5b shows that the extinction 
time is the same in the two cases. The faulted phase voltage and 
current waveforms at the sending and receiving end during the whole 
process of single pole autoreclosure is shown in fig. 8.7. It can be 
seen from fig. 8.7b that the high frequency distortion which occurs sub­
sequent to clearance at end R is lower than the previous case, the same 
effect is observed near final arc extinction. A comparison of the 
faulted phase current (fig. 8.7c,d) at either end, following re­
energisation, with the previous case, shows that the offset in the 
current waveform is much lower for the mid-point fault. This is mainly 
due to the effect of the sequence of the breaker reclosure rather than 
the fault position. In this case the two breakers closed simultaneously,
495.6 ms after the fault inception, when the voltage across the breakers 
terminal is minimum. Whilst in the previous case the receiving end 
breaker closed 6 ms after the reclosure of the sending end breaker.
A similar study of the extinction time for a remote end fault 
at R shows that the extinction time in this case is 11 ms shorter 
than the case of a sending end fault. Such results show that the 
extinction time does not vary significantly with fault position under 
lightly loaded conditions.
8.3 Effect of Prefault Loading
The variation of the extinction time with fault position is in 
fact more marked when the prefault power transfer is significant.
Under such conditions, the larger sound-phase currents induce a much
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more significant longitudinal voltage in the faulted phase during 
the secondary arc period^^*^^*^\ These longitudinal electromagnetically 
induced voltages contribute to the total current that circulates 
through the secondary arc path and to the recovery voltage across 
the latter, following partial or final extinction with concomitant 
effect upon the final extinction time.
The magnitude and phase of the electromagnetically induced 
component of the secondary arc current and voltage, relative to the 
more significant and well known component due to electrostatic coupling 
between the faulted and sound phases, has been found to depend heavily 
on fault position^^*
I
8.3.1 Fault at the sending end; power transfer from sending
to receiving end CV^/V„ = l/I0°)
Fig. 8.8 illustrates the secondary arc behaviour following a 
fault at end S when the prefault power transfer from end S is approx­
imately 1262 MW. It is of interest to note that the secondary arc 
extinction time is significantly longer than the unloaded case. Also 
evident is the significantly greater post-extinction recovery voltage.
In such cases, the arc recovery voltage thus rises more rapidly after 
extinction and this in turn largely accounts for the longer time 
required for final extinction to occur. It can be seen from fig. 8.9
that the voltage observed at the end R, remote from the fault, does
not increase with time, during the period T^ to T^, as was the case 
for the unloaded line (fig.8.4d). This is due to the effect of the electro­
magnetic coupling. In this case it should be noted that the electro­
magnetic coupling component is essentially constant in magnitude during 




A comparison of this case with 8.2.2 shows that the extinction 
time is 38 ms shorter, the secondary arc current and recovery voltage 
are also much smaller. These two cases should have the same results 
if the line is untransposed and has identical short circuit capacity 
at either end. It is of interest to note that the effect of the 
power transfer direction on the secondary arc current has been observed
experimentally by Lambert et However, the authors have explained
this phenomenon as being due to the difference between the sending and 
receiving end short circuit capacity. In this respect several Digital 
Computer results indicate that using two identical sources produces 
insignificant differences when compared with the results obtained with 
two different sources, especially if the fault occurs at the lower 
source capacity. It is concluded that the discrete transposition of 
the line is the main reason for this phenomenon.
8.3.4 Fault at the receiving end; power transfer from receiving to
sending end = 1/-10°)
The behaviour of the secondary arc following a fault at the
receiving end R is shown in fig. 8.15. A comparison of fig. 8.15 
and 8.13 shows that the extinction time is increased by approximately 
18.8 ms. The sending end voltage during the period T^ - T^ has the 
decreasing characteristics as shown in fig. 8.15c. It must be pointed 
out that the extinction time is still lower than the unloaded case by 
approximately 10 ms for the same fault position.
Two identical sources are used in another study, and the results 
show no significant difference in the extinction time or recovery 
voltage. Such results show that the extinction time varies significantly 
with fault position and direction of power transfer under normal loaded 
conditions. It is concluded that the secondary arc extinction time is
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largest for faults near the power exporting end
8.4 Effect of Source Sequence Impedance Ratio
The results presented so far assume the ratio of the zero
sequence impedance to the positive sequence impedance (Zg^/Zg^) is
unity. However, this is not always the case in practice. Based on
steady-state calculations, it has been shown that the secondary arc
current and the recovery voltage decreases slightly as the ratio 
(18)Zs q/^si increases . Fig. 8.16 shows the secondary arc current 
and voltage waveforms following a sending end fault, when Vg/V^ =
1 /10° and Zgo/Zgi =0.5. A comparison with fig. 8.8 shows that
the secondary arc extinction time increases slightly (about 10 ms) 
when ZgQ/Zgi decreases from 1 to 0.5. The reduction of Zg^ actively 
results in an increase in the zero-phase sequence current flowing 
through the sound phase conductors during the secondary arc period 
and this in turn increases the electromagnetically coupled induced 
voltage in the faulted phase. This increased level of longitudinally 
induced voltage results in a slightly increased level of secondary arc 
current and recovery voltage as evidence from fig. 8.16. A considerable 
increase in the faulted phase voltage during the period T^ ” T^ can 
also be observed from fig. 8.16c.
8.5 Effect of Breaker Operation Time
The results presented so far assume the normal fault duration 
- 3g cycle) which is in practice at the present time. However, a 
recently developed fast breaker has been tested which is able to 
isolate the fault 1 - 1% cycle after the fault inception^^^^. The 
effect of the fault duration is examined for a mid-point fault, 
unloaded line, both breakers opened simultaneously 30 ms after the 
fault inception. The results of the secondary arc current and voltage
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waveforms do not show any difference in the extinction time. Thus,
although the duration of the fault can influence the rate and manner
(3)in which both the secondary arc length and re-ignition voltage vary , 
they do not otherwise significantly affect the extinction process in 
the uncompensated line.
8.6 Effect of Fault Inception Time
Fig. 8.17 illustrates the secondary arc behaviour following a 
mid point fault, unloaded line, when the prefault a-e voltage is zero. 
Although the primary fault current has a different waveform, the 
secondary arc extinction time does not change. This is due to the 
fact that the fault inception time does not affect the secondary arc 
current or recovery voltage waveforms in the uncompensated line.
8.7 Effect of Transposition
For a line with one complete round of conductor transpositions, 
the secondary arc current and recovery voltage for faults at the 
different phase conductors presents some symmetry about the mid point 
of the line. However, for an untransposed line, the secondary arc 
current and recovery voltage for the unlike conductors differ by an 
appreciable amount, with only a degree of symmetry in the middle phase 
Fig. 8.18a,b illustrates the secondary arc behaviour following a 
fault at the sending end, untransposed line, when the power transfer 
from the receiving end is approximately 1262 MW. A comparison of 
figs. 8.18a,b and 8.13 shows the contribution of the conductor trans­
position in lowering the secondary arc extinction time.
Ignoring the electromagnetic coupling effect, the centre phase of 
an untransposed line possesses the greatest mutual coupling and hence
” 9 5 “
experiences the severest arcing conditions. Fig. 8.18c,d illustrates 
the secondary arc behaviour following a fault on the centre phase ’c ’, 
for an unloaded and untransposed line. A comparison of fig. 8.18c,d 
with fig. 8.5 shows that the secondary arc current and recovery voltage is 
much higher in this case, and in consequence the extinction time is 
80 ms longer when the line is untransposed.
8.8 Effect of the Rate of Increase of Arc Length
The results presented so far assume the arc length to vary 
according to eqn. 8.1. However, wind velocity and the magnitude of the 
secondary arc current may alter these variations. Fig. 8.19 illustrates 
the secondary arc behaviour following a mid-point fault, unloaded line, 
with a relatively lower rate of increase of the arc length. The arc 
length variation in this study takes the following form:
a (t)/&a o
1 , t < 0.125 s
(8 . 2)
8t , t > 0.125 s
A comparison of figs. 8.19 and 8.6 shows that the extinction time is
30 ms longer in this case, even though the secondary arc current and
recovery voltage are still the same. This phenomenon has been observed
(3)experimentally by Maury . The author concluded that if the wind 
speed is 4 to 5 m/s the extinction time is very short. The author 
found also that the rate of increase of the arc length depends on the 
magnitude of the secondary arc current and it could reach 10 m/s in 
the 220 kV system.
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8.9 Effect of the Line Length on Extinction Time
Several authors have shown that the extinction time increases 
almost linearly with the increase of the secondary arc current, for 
the same recovery voltage^^^*^’^ ^ I t  is therefore felt 
necessary to examine the extinction times for different line length 
with the same recovery voltage (approximately 115 kV peak to peak).
The lines are assumed to be unloaded and each line has a complete 
round of conductor transposition.
Fig. 8.20 illustrates the secondary arc currents following a 
fault at the sending end S for different line length (Jl = 120, 135,
240, 300 km). It can be noticed from this figure that the extinction 
times increase significantly with the increase of the line length.
It is of interest to note that the measured extinction times compare 
very favourably with experimental results obtained by several 
authors^^^*^'^^'^^. As an example, it can be seen from fig. 8.20d 
that the extinction time in the 300 km unloaded line (43.3 A r.m.s.) 
is approximately 453 ms, while reference 10 shows that the extinction 
time of a 42.5 A (r.m.s.) is 500 ms. However, the author used a 
shorter air gap (3.3 m) which leads to a higher recovery voltage
(8)gradient, and this accounts very much for the longer extinction time
It must be pointed out that the extinction time will be almost 
independent of the line length, for the same recovery voltage, if the 
arc length variation (&^(t)) and the re-ignition voltage (v^(t)) are 
simulated to be independent on the magnitude of the secondary arc 
current. This can be explained with reference to figs. 8.21 and 8.2.
It can be seen from these two figures that the steady-state value of 
the Thevenin impedance is inversely proportional to the line length.
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while the steady-state value of the secondary arc current is linearly 
proportional to the line length. However, the peak to peak value of 
the Thevenin voltage is independent of the line length.
A close examination of the Convolution equation 5.5 which is
n-1
described in chapter 5 indicates that the term ^ Z (n - k)i (k)
k=l
is independent of the line length. This makes the factors which will 
determine the extinction time to be : (1) v^^^(t), (2) v^(t), and 
(3) e^Ct).
8.10 Representation of the Secondary Arc Path by a Time
Dependent Linear Resistance
The effect of the secondary arc resistance on the magnitude of 
the secondary arc current and the extinction time has been discussed 
by several a u t h o r s ^ ^ * ^ ^ * Baiser et al^^^^ has simulated the 
secondary arc path by a linear resistance that is assumed to vary 
linearly with time up to final extinction and which then suddenly 
attains an infinite value. The latter approach is of generally rather 
limited value because it is specific to one system for which the 
results of fault throwing tests were previously obtained^^^^. The 
point at which the arc resistance increases suddenly to infinity is 
rather difficult if not impossible to determine. Reference (73) states 
that, after arc transition the secondary arc voltage increases with 
time, while the secondary arc current hardly decreases, until it 
reaches 75% to 95% of the steady state recovery voltage after which 
the arc is self extinguished. However, the latter has simulated the 
line capacitance by an inductance. The extinction mechanism is 
different for a capacitive circuit than for an inductive circuit^^^^.
In the inductive circuit the recovery voltage is symmetrical, while
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the recovery voltage in the capacitive circuit is almost fully offset. 
Furthermore, in the capacitive circuit the partial extinction in the 
secondary arc leads to higher peaks in the secondary arc voltage.
This phenomenon does not exist in the inductive circuit^^^*^^*^^^.
In the compensated system the problem is more difficult, as the 
transient recovery voltage is more important than the steady state 
value. This makes the point at which the arc resistance increase to 
infinity is almost impossible to accurately define.
The variation of the secondary arc resistance with time has been 
described by Anjo et al^^^^. Fig. 8.22a, taken from the authors* 
paper, shows the secondary arc resistance/time variation for a secondary 
arc current of 31.5 A preceded by 5.74 cycles of 8 kA primary arc.
The experiment was carried out in a 500 kV suspension strings with
4.05 m arcing horn gap. The authors also show that even during a 
halfcycle period, there is a considerable change in arc resistance 
(fig. 8.22b).
It is felt necessary to simulate the secondary arc path by a
linear resistance for the purpose of comparison. Fig. 8.22c illustrates
the arc path representation, where represents the primary arc
resistance (0.5 0) and R^^ represents the arc resistance immediately
after the breakers tripping at T^ and its value varies between 150-200 ÇI
(26,30) Yhe rate of increase of the secondary arc resistance is highly
(3)dependent on wind velocity . Several authors indicated that the 
value of the secondary arc resistance could reach 1000 ^ just before 
the final extinction^^^*^^’^*^®\
Eqn. 5.5 is used to define the relationship between Thevenin 
voltage (e^(t)), Thevenin impedance (Z^), arc voltage (^^^^(t)), and
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arc current (i (t)). The relation between the arc voltage andarc
current is simply defined by eqn. 8.3.
Varc(t) =
Then eqn. 5.5 is solved as discussed in chapter 5. Fig. 8.23
illustrates the secondary arc current and voltage waveforms following
a fault at the sending end S, of a transposed and unloaded line, with
initial secondary arc resistance (R ) of 200 0 and a rate of increaseao
of 2000 0 per second. A closer examination of fig. 8.23a shows that
the secondary arc current decreases by only 11.6% when the arc
resistance increases from 0.5 SÎ to 1200 ^ (at 0.5s after the arc
transition). The results presented here are in line with the simple
(3)steady-state calculations carried out by Maury (see Appendix 8.1). 
However, such a simulation does not account for the prediction of the 
secondary arc extinction time. Therefore, it is felt necessary to 
increase the secondary arc resistance to infinity at a time corresponding 
to the extinction time predicted by the non-linear arc representation.
In this case the initial arc resistance and its rate of increase is 
chosen to produce an arc voltage approximately equal to the one 
previously observed (fig. 8.5). Under these conditions:
= Vp%o/Ip (8-4)
and / 1 , t  < 0.1 s
R  ( t ) / R  = {  l o t  , 0.1 < t  < 0.264 s (8.5)a ao I
1 «> , t  > 0.264 s
where I^ represents the steady-state peak value of the secondary arc 
current and represents the arc voltage gradient as defined in 
chapter 4.
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Fig. 8.24a,b illustrates the secondary arc current and voltage 
waveforms under such conditions. A comparison of this result with 
that of fig. 8.24c,d (which is obtained by the non-linear arc rep­
resentation) shows the following points:
1. The secondary arc current has some similarity in the first 
20 ms after arc transition. The second stage, which exhibits a 
smooth linear waveform, is rather different from that observed when 
using the non-linear arc representation.
2. The high frequency distortion observed in the arc voltage 
during the first 10 ms is higher in the case of a linear arc 
resistance representation. This is due to the fact that the arc 
voltage, in this representation, is linearly proportional to the 
arc current.
3. The voltage waveform is smooth and linear in this case, 
and does not exhibit the constant voltage characteristic which is 
observed in the non-linear arc representation. The peak value of 
the arc voltage just before arc extinction is only 35% of the steady- 
state peak value of the recovery voltage. While the peak value of
the transient recovery voltage i n  t h e  c a s e  o f  n o n - l i n e a r  a r c  r e p r e s e n t a t i o n  
reaches 80% just before the final extinction.
4. The high current and voltage spike which is observed in the 
non-linear arc representation does not appear when the arc is rep­
resented by a linear resistance.
The secondary arc current and voltage waveforms which are observed
experimentally are closer to the results obtained here, using a non-
T  u u u 1 • . (3,8,5,10,31)linear arc path, than the linear arc representation
- 101 -
However, even though the second method cannot be used to predict the 
extinction time accurately, it is nevertheless less demanding from 
the point of view of computer programming.
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Fig. 8.22 Variation of the secondary arc resistance
(a) Typical arc resistance variation
primary arc = 8 kA, 5.74 cycles,
secondary arc = 31.5 A
self extinction time of 22.6 cycles
(b) Relation between secondary arc resistance 
and phase angle
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CHAPTER 9
SYSTEM STUDIES: COMPENSATED LONG LINE
9.1 Introduction
The mathematical model of the secondary arc path, as developed in 
chapters 4 and 5, is used here to obtain the system response. Two 
symmetrical shunt reactors are connected at the line(s) remote ends.
The studies are carried out for a one feeder system, with two similar 
sources 5 OVA each, except in section 9.7 where a 4-feeder system is 
studied.
The effects of some factors on the extinction time are here 
investigated. These include fault location, transmission line loading, 
parameters of the shunt reactors and the parameters of the terminal 
stations. The effect of the shunt reactors, with directly grounded 
neutral, on the extinction time is also investigated. The possibility 
of using two symmetrical shunt reactors on an untransposed 200 km 
line is also studied.
The line length under study in this chapter is 300 km, except in 
section 9.11, and it is transposed at 100 km intervals. The pre-fault 
power transfer is considered either zero or approximately 1262 The
results presented here are for fault on phase ’a', except in section 
9.10 (where the line is untransposed) two different phases are considered
9.2 Effect of the Optimum Neutral Reactor
The four reactor scheme employing the optimum value for the neutral 
reactor, effectively compensates the capacitive coupling between the
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energized and de-energized phases but has less effect on the inductive 
coupling. To effectively compensate both the capacitive and the 
inductive coupling would require that the phase reactors compensate 
the line to 100%. This is undesirable for many reasons not the least 
of which are the expense, low voltage under normal load flow, and the 
possibility of a potentially damaging resonance condition. For the 
purpose of this study the phase reactor is chosen to compensate the 
line to 75% (i.e. h^ = 0.751, and this compares well with the values 
used in practice^^^'^^^.
Two symmetrical four-legged reactors are connected at the remote 
ends of the line, with h^ = 0.75 and h^ = 0.6016, to reduce the 
capacitive component of the secondary arc current and the recovery 
voltage to a theoretical value of zero. Fig. 9.1a shows the secondary 
arc current waveform for unloaded line, following a mid-point fault 
Cx^ = 150 km), assuming a constant secondary arc resistance of 0.5 0.
The corresponding Thevenin voltage and impedance waveforms are shown 
in fig. 9.1b,c. It can be seen from fig. 9.1 that the secondary arc 
current is reduced to a very small value but it does not reach zero 
within the time observed. This is mainly due to the time constant of 
the circuit, i.e. it requires approximately 2s to reach the steady- 
state, if the arc resistance is ignored. Figs. 9.2 and 9.3 show several 
features of the system throughout the whole process of single phase 
fault clearing and autoreclosure when the non-linear arc characteristic 
is included. It is evident from fig. 9.2 that the secondary arc 
extinguishes in a very short time after arc transition (approximately 
25 ms). It is of interest to note that the magnitude of the recovery 
voltage subsequent to the arc extinction is only 4 kV (peak) and it has 
the beating characteristics which have been observed experimentally^^^’̂ *
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However such a degree of compensation is usually not required in 
practice for two reasons:
1. The voltage across the neutral reactor is high, which 
will increase the cost of the reactor
2) If the secondary arc extinguishes immediately after
fault isolation, then the insulator recovery character­
istic will take the form of the three phase autoreclosure. 
According to the information reported in the literature 
(70,73,69)^ it requires about 0.3-0.38s to withstand the 
reclosing voltage.
Therefore, it is felt necessary to examine the system under the
case when the shunt reactor is chosen to reduce the capacitive component
of the secondary arc current to 20A (jr.m.s.). It can be seen from
eqn. 2.16 that there are infinite values for h, and h which could be1 o
used to reduce the secondary arc current to 20A (capacitive). However,
the value of h^ is normally chosen so that the shunt reactor limits the
system overvoltage under light load conditions. Typically this value
(82)is between 0.7-0.85, and it is chosen in this study as 0.75
9.3 Effect of Fault Position on Unloaded Line:
Compensation to -20A (r.m.s.)
The parameters of the shunt reactors are chosen to reduce the 
capacitive component of the secondary arc current to 20A (r.m.s.). 
According to the simple calculations, shown in chapter 7, the value of 
h^ is equal to 0.8787121 when h^ = 0.75. The secondary arc current 
waveform, assuming a constant secondary arc resistance (0.5 0), 
following a fault at the sending end of an unloaded line is shown in 
fig. 9.4a. It is evident from this figure that the steady-state value
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of the secondary arc current is approximately 20.2A (r.m.s.).
Fig. 9.4b,c,d illustrates the secondary arc behaviour, when the non­
linear arc characteristic is included. The secondary arc current and 
voltage waveforms have some differences compared with the uncompensated 
case. The extinction time is approximately 30 ms shorter than the case 
when the line is uncompensated and its secondary arc current is 20A 
(r.m.s.), i.e. 135 km transposed line. The high current spike which 
is observed in the uncompensated case, before the final extinction, 
is much lower in this case. The recovery voltage waveform has no off­
set, but it is oscillating with a beating frequency.
The steady-state calculations, described in chapter 2, show that 
for this degree of compensation the steady-state recovery voltage has 
a peak value of 123.3 kV. However, the recovery voltage waveform 
shows that the first peak immediately after extinction is 47 kV, 
succeeded by a second peak of 88.8 kV and 128.4 kV reaching a maximum 
value of 224 kV at the 7th halfcycle and then starts decreasing. This 
phenomenon has been explained by Kimbark. Kimbark in his discussion 
of reference 18 pointed out that this beating (in the recovery voltage) 
is described by T. Udo among others. It occurs due to the fact that 
the recovery voltage consists of a sinusoidal voltage of source 
frequency and a damped sinusoidal voltage of the natural frequency of 
the system, the latter generally being the lower of the two. Kimbark 
goes on to say that as a consequence of the beat and of the initial 
conditions, the first few voltage peaks are lower than the steady-state 
peak voltage and this circumstance may aid extinction of the secondary 
arc current. Even though reference 32 disagrees with Kimbark’s 
explanations, however, the recovery voltage waveform conforms to 
K i m b a r k ' s a n d  other’s explanations^^^*^^'^^^.
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A close examination of the recovery voltage waveform shows that 
the rate of increase of the recovery voltage subsequent to arc extinction 
is approximately 9.4 kV/ms, and this compares with 11.5 kV/ms in the 
uncompensated line (fig. 8.5c). This decrease in the rate of increase 
of the recovery voltage aids the extinction time as seen from a comparison 
of figs. 9.5c and 8.20b.
The faulted phase response at the sending and receiving end is 
shown in fig. 9.5. It can be seen from this figure that the voltage 
observed at the end R remote from the fault exhibits the usual high 
frequency travelling wave induced distortion during the primary arc 
period^^^^. Considerable high frequency distortion also occurs 
subsequent to clearance at end R at time T^, the most likely cause of 
which is low level clearing induced travelling waves within the faulted 
phase being in transient between the secondary arc point and the now 
open-circuited R end. Similar effects are also observed during the 
dead time T^ to T^.
Fig. 9.6 shows the secondary arc behaviour following a mid point 
fault. It is of interest to note that the extinction time in this case 
is approximately 40 ms lower than the case of a sending end fault. The 
first peak of the recovery voltage does not show any significant 
difference from that of fig. 9.4. However, a close examination of the 
Thevenin voltage waveform indicates that the latter is higher in case 
of a fault at the sending end, in consequence the extinction time is 
also greater.
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9.4 Effect of the Prefault Loading and Fault Position
9.4.1 Fault at the sending end: power transfer from sending to 
receiving end = 1/25.73)
Fig. 9.7 illustrates the secondary arc behaviour, following a-e 
fault at the sending end S, when the pre-fault power transfer from end 
S is approximately 1262 MW. A comparison with fig. 9.4 shows that the 
extinction time is approximately 107 ms longer for the loaded case.
The same figure indicates that the first peak of the recovery voltage 
is 19 kV greater for the loaded case.
In this case, the sound-phase current induces significant long­
itudinal voltages in the faulted phase during the secondary arc period. 
These longitudinal electromagnetically induced voltages contribute to 
the total current that circulates through the secondary arc path and 
to the recovery voltage across it after each partial or final extinction. 
Even though the shunt reactor compensates part of the electromagnetically 
induced current, the steady-state value of the secondary arc current 
has increased approximately to 28A (r.m.s.) as shown in fig. 9.7c.
The faulted phase voltage and current waveforms, at the remote end 
R, throughout the whole process of single phase fault clearing and auto­
reclosure are shown in fig. 9.8. It is of interest to note that the 
voltage at the receiving end, during the dead time, is relatively high 
compared to the sending end voltage (fig. 9.7). It can be seen that 
this voltage is almost constant for the first 100 ms after arc transition 
then starts decreasing. This indicates that the electromagnetically 
induced voltage component is in antiphase with the arc path voltage 
component.
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9.4.2 Mid point fault; power transfer from sending to receiving 
end (Vq/Vĵ  = 1Z15.73)
Fig. 9.9 illustrates the behaviour of the secondary arc following a 
mid point fault, when the power transfer from the sending end is approx­
imately 1262 MW. It is of interest to note that the extinction time 
is significantly reduced, however, it is still 68 ms greater than the 
case of an unloaded line under the same fault condition (fig. 9.6).
The fact that the electromagnetic coupling has a significant effect on 
the extinction time even if the fault is at the middle of the line, is 
mainly due to the effect of transposition. Transposition alters the 
point at which the electromagnetic coupling is zero and makes it a 
function of each phase^^^*^*^^^.
A comparison of figs. 9.9b and 9.7b shows that the first peak of 
the recovery voltage is significantly lower in this case. This indicates 
that as the value of the first peak increases the extinction time also 
increases.
Considerable difference between the sending and receiving end 
voltage waveforms, during the dead time, can be seen from fig. 9.10.
This phenomenon is mainly due to the phase difference between the 
electromagnetic and electrostatic voltage components along the line.
The high transient overvoltage which is observed after breaker reclosure 
(fig. 9.10b,d) is partly due to the delay of the receiving end breaker 
reclosure. However, in a loaded line even if the two breakers reclose 
at the same instant significant overvoltage still can be observed.
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9.4.3 Fault at the receiving end: power transfer from sending
to receiving end CV^/V„ = 1/25.73)
o— K ----------
Fig. 9.11 shows several features of the response of the system 
throughout the whole process of single phase fault clearing and auto­
reclosure. It is evident from this figure that the extinction time is 
approximately 28 ms lower than the case of a sending end fault (fig. 9.7) 
The first peak of the recovery voltage is also lower. The sending end 
voltage waveform (fig. 9.lid) is of special interest. During the dead 
time the healthy phase induces significant electromagnetic voltage on 
the open phase, which is in phase with the voltage across the arc path, 
in this case. It is noticed that the total voltage on the sending end 
S, during the dead time is constant, during the first 100 ms after the 
arc transition, then starts increasing as the arc length increases.
From these results (section 9.4) it can be concluded that, under 
heavy load conditions the extinction time can vary significantly with 
fault position. It is concluded also that the first peak of the 
recovery voltage is much lower than the steady-state value of the 
recovery voltage. It is of interest to note that similar recovery 
voltage waveforms, and the characteristic of the first peak, has been 
observed experimentally^^^*. Several studies indicate that the 
magnitude of the first peak in the recovery voltage always increases as 
the extinction time increases.
9.5 Effect of Power Transfer Direction
It has been indicated in the previous chapter that the extinction 
time, for a fault on phase 'a', in case of power transfer from sending 
end S to receiving end R is much higher than the case when the power 
transfer from end R to S. However, this phenomenon is only true when 
the line is discretely transposed and it depends on the faulted phase
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and the number of cycles of transposition.
Fig. 9.12 illustrates the system behaviour, following a fault at 
the sending end S, when the pre-fault power transfer from end R is 
approximately 1262 MW. A comparison with fig. 9.7 shows that the 
extinction time is 214 ms lower in this case. The steady-state value 
of the secondary arc current waveform, calculated on the assumption 
of a constant arc path resistance (0.5 SI), fig. 9.12c, has a peak 
value of 18.13A. This value is much lower than the case when the line 
is unloaded (28.8A). It can be noticed that the first peak of the 
recovery voltage is only 30 kV.
A fault at the receiving end R, under the same previous conditions, 
shows that the extinction time is only 27 ms greater (fig. 9.13). The 
first peak of the recovery voltage is also 3 kV higher than the previous 
case. These results conform to the conclusion drawn in the previous 
chapter that the extinction time is greater when the fault occurs at the 
power exporting end. The effect of the power transfer on the sending 
end voltage waveform, during the dead time, is also evident from a 
comparison of fig. 9.13 and 9.11. It can be noticed that when there is 
a fault at the receiving end R, the voltage which appears at the sending 
end S, during the dead time, is much higher when the power transfer 
is from S to R than the case when the power transfer is from R to S.
The significant effect of the power transfer direction on the 
extinction time, which is observed here, has not been reported in the 
literature. These findings may be very important from a practical point 
of view. A TNA study for a transposed and compensated long line indicates 
that the maximum value of the secondary arc current observed, when power 
flow from end S to R is significantly higher than that when power flow 
from end R towards However, the authors explain the difference
- Ill -
as the direct result of the change in the equivalent source reactances 
behind the terminal buses as well as the pre-fault voltage profile. 
Apparently, this phenomenon is due to the effect of the discrete trans­
position and its interaction with the power flow direction, rather than 
the source capacity, because the sources used in this study are identical
9.6 Effect of Fault Inception Time
The results presented so far assume the fault to occur at an 
instant of time corresponding to the peak voltage of the faulted phase. 
Such a type of fault produces maximum travelling wave distortion.
Faults at an instant of time corresponding to zero faulted phase voltage 
to earth, however, produce maximum offset of the waveform particularly 
in the currents. This can be observed from fig. 9.14a,b, which shows 
the primary and secondary arc current waveforms following a mid point 
fault for an unloaded line when = 0. This figure clearly indicates 
the offset in the secondary arc current for the first 70 ms. The 
extinction time in this case is greater than the case of a fault at 
the peak voltage (fig. 9.6) by approximately 20 ms. It is of interest
to note that the secondary arc current extinguished partially 64 ms
after the arc transition then restrikes again when the arc voltage 
becomes higher than the re-ignition voltage.
The faulted phase voltage waveform at the sending end is shown in 
fig. 9.14d. No significant high frequency distortion in the sending 
end voltage waveform during the fault period can be observed.
9.7 Response of 4-Section Feeder System
The results presented so far assume that there are no other lines
connected to the sending or receiving end of the line under study 
(fig. 9.15a). However, this is not always the case in practice.
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therefore, it is felt necessary to examine a practical system as 
shown in fig. 9.15b. The effect of the busbar termination of the line 
S-R (see fig. 9.15b) is examined under different fault positions. Each 
of the four lines is transposed through three equal points along its 
length. Two identical shunt reactors are connected at the remote ends 
of each line so that the capacitive component of the secondary arc 
current of each line is reduced to 20A (r.m.s.). The studies carried 
out when the pre-fault power flow from end S to R is approximately
1262 m .
Fig. 9.16a,b illustrates the secondary arc behaviour following a 
fault at the receiving end R. A comparison with fig. 9.11 shows that 
the secondary arc extinction time is approximately 3 ms greater in 
the case of 4-section feeder system. It is of interest to note that 
the duration of the high noise period in the secondary arc current 
and voltage waveform is much longer in the case of 4-section feeder 
system. This is mainly due to wave reflection from other line ends.
Several faults at different positions along the line are studied.
It is found that the busbar terminations have no significant effect on 
the extinction time, however, the high noise period, in the secondary 
arc current and voltage waveforms, is relatively longer. Fig. 9.16c,d 
shows the secondary arc current and voltage waveforms, following a 
fault at end S. A comparison with fig. 9.16a,b indicates that the 
extinction time is approximately 25 ms greater in this case, the first 
peak of the recovery voltage is also higher. Therefore, it is concluded 
that the line termination has no significant effect on the extinction 
time.
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9.8 Voltage Across the Neutral Reactor
The digital computer program developed in this work can be used 
to predict the system overvoltages during the whole process of single 
line to ground fault followed by single pole opening and reclosure. 
However, of special interest is the voltage across the neutral reactor.
The ratio between the reactance of the neutral and that of the 
main reactor, which would eliminate the capacitively induced secondary 
arc, was calculated as 0.3287 (or, x^/x^ = 1.986). The neutral point 
voltage in this case (optimum neutral value) following a mid point 
fault, unloaded line, is shown in fig. 9.17a,b. It can be noticed that 
the voltage across the neutral reactor passes through different stages:
1. Transient high voltage following the fault inception at T^, 
settled to a lower voltage during the fault period.
2. High transient voltage following the fault isolation at T^, 
settled to a lower value during the dead time.
3. Zero voltage after breakers reclosure at T^ and T^. Different 
fault position indicated that the mid point fault at maximum voltage 
produces maximum fault overvoltage across the neutral reactor. It is 
evident from this figure that the overvoltages due to the fault and the 
breaker opening is much higher than the steady state voltage during 
the dead time. However, such a reactor would be too expensive and a 
smaller neutral reactor is normally used^^^*^^\
The ratio between the reactance of the neutral reactor and that of 
the main reactor, which would reduce the capacitively induced secondary 
arc current to 20A is found to be equal to 0.12 (or, x^/x^ = 1.359). 
This would result in a lower voltage across the neutral point reactor
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and thus reduce the insulation level of the whole reactor. Fig. 9.17c,d 
illustrates the neutral reactor voltages following a mid point fault 
when the pre-fault power transfer is zero. It can be noticed from this 
figure that the voltage across the neutral reactor after the arc extinction 
is higher than that before the final extinction. The point on wave at 
which the fault is applied affects the overvoltages produced due to the 
fault inception only. This is shown in fig. 9.18a,b, where the fault 
is applied at zero point on wave for a mid point fault. It can be 
noticed that no overvoltage is observed during this type of fault, and 
the voltage across the neutral reactor after the arc transition is 
similar to the case of a maximum point on wave fault.
Several investigations have indicated that the pre-fault power 
transfer has no significant effect on the maximum voltage across the 
neutral reactors. This can be seen from fig. 9.18c,d which shows the 
neutral voltages following a mid point fault when the pre-fault power 
transfer from end S is approximately 1262 MW.
Several studies indicated that the maximum voltage across the neutral is 
approximately 70 kV. This corresponds to a mid point fault at maximum 
voltage. The voltage across the neutral reactor after the arc transition 
and before the final extinction is generally less then 40 kV, and it 
confirms the steady-state calculation shown by Carlson^^^^. However, 
this voltage may increase up to 60 kV after arc extinction, this value 
is relatively higher than the steady-state calculation shown by Carlson.
This is mainly due to the fact that the voltage waveform is not in a 
steady-state and it has the beating characteristics.
The busbar termination can affect the maximum overvoltage due to 
the fault inception, however, the neutral voltage after the arc transition 
is almost independent of the busbar termination. This is evident from
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fig. 9.19 which shows the neutral reactor voltage following a fault at 
the sending end S, when the pre-fault power transfer from end S is 
approximately 1262 MW, for the two different systems studied in 
section 9.7.
The power transfer direction has some effects on the maximum voltage 
across the neutral reactor. It can be seen from figs. 9.18a,b and 
9.20a,b that the voltage across the neutral reactor, following a fault 
at the sending end, is greater when the pre-fault power transfer is from 
end S to R. This is mainly due to the effect of the electromagnetic 
coupling and its interaction with the line transposition. Some voltage 
difference can be observed, for the same reason, in the neutral reactors 
of the same line. It can be noticed that the voltage across the neutral 
reactor at the power exporting end is relatively higher than that at the 
importing end.
9.9 Representation of the Secondary Arc Path by a Time
Dependent Linear Resistance
The method which is described in section 8.10 is used here to 
obtain the secondary arc current and voltage waveforms. In this case the 
initial arc resistance and its rate of increase is chosen to produce an 
arc voltage approximately equal to the one previously observed. The 
time at which the secondary arc resistance increases to infinity is 
taken to be equal to the extinction time predicted by the non-linear arc 
representation.
Fig. 9.21a,b illustrates the secondary arc current and voltage 
waveforms following a fault at the sending end, for a transposed and 
an unloaded line. The first peak in the recovery voltage is smaller 
than that which is observed using the non-linear arc characteristics 
by approximately 2.8 kV (fig. 9.21c,d). No significant difference in
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the recovery voltage waveform can be observed. However, the secondary 
arc current waveform is rather different from that which is observed 
using the non-linear arc characteristics.
To examine the effect of the extinction time on the magnitude of 
the first peak in the recovery voltage, the point at which the secondary 
arc resistance increases to infinity is increased to 0.4s. Under these
conditions the secondary arc resistance has a constant value of 278.7 SI
during the first 100 ms then it increases to 1115 0 at 0.4s. The 
secondary arc current and voltage waveforms under these conditions are 
shown in fig. 9.21e,f. It can be noticed from this figure that the 
first peak in the recovery voltage has increased to 54 kV compared to 
44 kV in the previous case (fig. 9.21b). No other significant difference 
in the recovery voltage waveform can be observed.
9.10 Effect of Shunt Reactors with Directly Grounded Neutrals 
^x^/x^ = 1) on the Secondary Arc Extinction Time
One primary reason for using shunt reactors on e.h.v. transmission
systems is to control steady-state voltages when energizing long lines
(42 83 12)or when operating long lines under light-load conditions * * If
reactors are not used, the Mvar’s generated by the line capacitance can 
cause high voltages at the receiving end of the lines due to Ferranti 
effect. Further, if the lines are energized from a weak system, high 
voltages can arise at the sending end of the lines due to the passage 
of the Mvar’s generated by the lines through the reactance of the supply 
system.
Reactors with directly grounded neutrals (x^/x^ = 1) have no effect 
on the magnitude of the secondary arc current, if the resonance region 
is avoided (h^ < 1). However, the steady-state value of the recovery 
voltage on the open phase, due to resonance of the reactor inductance
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and line capacitance, is much greater than if no reactor were present. 
Simple steady-state calculations show that the magnitude of the recovery 
voltage, in 300 km transposed line, equipped with two directly grounded 
shunt reactors (h^ = 0.75), is approximately 91% of the peak phase 
voltage (408.2 kV). However, the extinction time is mainly affected 
by the magnitude of the secondary arc current, and by the rate of rise 
of the first peak in the transient recovery voltage. The fact that 
the first peak in the recovery voltage is always lower than the steady- 
state value makes possible single pole autoreclosure, in lines equipped 
with directly grounded reactors.
Fig. 9.22 illustrates the secondary arc behaviour following a 
fault at the sending end S, when such reactors are used. It can be 
noticed from this figure that the steady-state value of the secondary 
arc current is approximately 61A (peak), and this compares with 60.6A 
based on steady-state calculations (chapter 7). This indicates clearly 
that the directly grounded reactors have no effect on the magnitude of 
the secondary arc current. A close examination of the recovery voltage 
waveform shows that the rate of rise of the first peak in the recovery 
voltage is approximately 16 kV/ms. This value is higher than the rate 
of rise for the uncompensated line (11.5 kV/ms). In consequence the 
extinction time is approximately 58 ms greater in this case (see fig. 
8.20d).
.These findings indicate that single pole autoreclosure can be used 
in long lines equipped with directly grounded shunt reactors but the 
dead time required is increased. However, it must be pointed out that 
under this condition high transient overvoltages might occur after 
reclosure because the recovery voltage in this case is much higher than 
the system voltage.
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Maikopar has pointed out that the recovery voltage in this case
can be dangerous for voltage transformers connected to the line. The
latter has suggested the use of voltage transformer of capacitive type
(12)to eliminate such a problem
9.11 The Possibility of Using 4-Legged Reactor Scheme 
in Untransposed Long Line
In some e.h.v. transmission lines, transposition is not 
(71 21 22)required * * In such cases the magnitude of the negative sequence
current component in machines connected to the system does not exceed 
the continuous negative sequence current carrying capability. The 
capacitance between two outer phases of a flat line is found to be only 
31% of the capacitance between the middle phase and either outer phase. 
However, the simple symmetrical four-legged reactor bank can correctly 
compensate only lines with equal phase-to-phase capacitances.
Recently, a modified four-legged reactor scheme has been developed 
to be used in an untransposed line^^^\ The modified reactor bank 
includes four switches whose operations are coordinated with the line 
breakers. However, such a scheme may increase the complexity of single 
pole autoreclosure.
It is therefore felt necessary to investigate the possibility of 
using simple four-legged reactors in an untransposed 200 km line.
These studies include: (1) uncompensated line, (2) ideal compensation,




As stated previously, ignoring the electromagnetic coupling 
effect, the centre phase of an untransposed line possesses the greatest 
mutual coupling and hence experiences more severe arcing conditions.
Fig. 9.23a,b illustrates the secondary arc behaviour following a fault 
at the sending end, on the centre phase, for an unloaded line. It is 
of interest to note that the extinction time in this case is approx­
imately 20 ms greater than that of the 300 km transposed line (fig. 8.20d). 
Although the steady-state value of the secondary arc current is lower 
in this case (about 53A (peak)), the recovery voltage is approximately 
31 kV greater. A fault at the outer phase under the same conditions 
indicates that the extinction time is approximately 58 ms lower than the 
middle phase fault case (fig. 9.23a,b). It must be pointed out that 
even for a fault at the outer phase, the secondary arc current and the 
recovery voltage are much higher than that for the transposed line 
(fig. 9.23c,d), in consequence the extinction time is greater.
9.11.2 Effect of ideal compensation (h  ̂ = 0.75, h^ = 0.6017)
Fig. 9.24 illustrates the system behaviour following a fault at 
the sending end, outer phase, for an unloaded line equipped with two 
shunt reactors under optimum neutral conditions. A comparison with fig. 
9.23a shows that the extinction time is approximately 165 ms greater 
for the uncompensated line. It is interesting to note that no significant 
overvoltages are developed at the receiving end when both breakers 
simultaneously reclose at T^. A fault is applied on the middle phase under 
the previously mentioned conditions, and no significant difference in the 
extinction time can be observed.
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The effect of the prefault power transfer on the extinction times 
is shown in fig. 9.25. It can be seen from this figure that the 
extinction time does not exceed 340 ms, when the pre-fault power transfer 
is approximately 1262 MW.
9.11.3 Effect of non ideal compensation Çh  ̂ = 0.75, h^ = 1.0172)
In these studies, the shunt reactor parameters are chosen, so 
that the capacitive component of the secondary arc current can be 
reduced to 20A (r.m.s.), if the line is transposed. Fig. 9.26 illustrates 
the system behaviour following a fault at the sending end S, on the 
middle phase, when the pre-fault power transfer from end S is approx­
imately 1262 MW. It can be noticed from this figure that the steady- 
state value of the secondary arc current (fig. 9.26a) is approximately 
28A (r.m.s.). The extinction time is relatively higher than the 
maximum time observed under the optimum neutral reactor conditions.
It is of interest to note that the maximum peak in the recovery voltage 
waveform is higher than the peak phase voltage (408.2 kV). However, 
this voltage can be tolerated if controlled reclosure is used as shown 
in fig. 9.26c. A fault at the receiving end R, under the same conditions, 
shows no difference in the extinction time (fig. 9.27a,b).
The power transfer direction has no significant effect on the 
extinction time if the line is not transposed. This can be seen from 
fig. 9.27c,d, which shows the secondary arc current and voltage waveform 
for a fault at the sending end, middle phase, when the pre-fault power 
transfer from end R is approximately 1262 MW. A comparison with 
fig. 9.27a,b shows no significant difference in the extinction time.
Several digital studies, for faults on the middle and the outer 
phases, at different fault positions indicates that the extinction time
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does not exceed 380 ms. No significant difference in the extinction 
time can be observed whether the fault is on the middle or the outer 
phase. However, it is noticed that the maximum recovery voltage in 
the outer phase fault is higher than the middle phase fault. Fig. 9.28 
shows the system behaviour following a fault at the end S, on the outer 
phase, when the pre-fault power transfer from end R is approximately 
1262 MW. It can be noticed from this figure that the maximum peak in 
the recovery voltage is approximately 600 kV, while in case of a middle 
phase fault it does not exceed 500 kV. This increase in the recovery 
voltage may affect the maximum transient voltage that occurs after 
breaker reclosure, even if controlled reclosure is used as can be seen 
from fig. 9.28d.
9.11.4 Voltage across the neutral reactor
Significant differences in the voltage across the neutral
reactor are observed for the two values of h used. This can be seeno
from fig. 9.29, which shows the neutral voltage waveform, during the 
whole process of single pole autoreclosure, following a fault at end S 
(on the outer phase) when the prefault power transfer from end R is 
approximately 1262 MW. It is evident from this figure that both the 
transient and the steady-state voltages are much higher in the case of 
optimum neutral reactor (h^ = 0.6017). However, the difference between 
the maximum extinction time observed in the two cases is only 41 ms.
9.12 Discussion
After arc extinction, the recovery voltage on the opened phase of 
a shunt reactor compensated line builds up in a transient beating process. 
Both the rate of rise of the first peak and the steady-state value of 
the recovery depends mainly on line and reactor parameters and, therefore.
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on the transmission line compensation factor.
The extinction time of the secondary arc depends mainly on the
steady-state value of the secondary arc current and on the rate of rise 
of the first peak of the recovery voltage. The results indicate clearly 
that as the extinction time is increased, the first peak in the recovery 
voltage is also increased. This is evident from fig. 9.30 which shows 
the magnitude of the first peak in the recovery voltage and the steady- 
state value of the secondary arc current vs extinction time.
It is noticed that, for the same line and shunt reactor parameters,
power transfer direction significantly affects the magnitude of the
secondary arc current and the first peak of the recovery voltage. In 
consequence the extinction time is significantly affected by the power 
transfer direction if the line is transposed. This indicates that 
the effect of the electromagnetic coupling is more significant if the 
line is transposed.
The results indicate that simple four reactor scheme can be applied 
to an untransposed line but a longer dead time is required. It is also 
found that shunt reactors with directly grounded neutrals can be used 
on a line equipped with single pole autoreclosure. However, the 
extinction time is relatively longer than the case without shunt reactor, 
even for 75% positive sequence compensation. The maximum recovery 
voltage observed under these conditions is approximately 72% higher 
than the peak value of the phase voltage.
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CHAPTER 10
CONCLUSIONS AND FUTURE WORK
10.1 Conclusions
The effectiveness of single-pole autoreclosure in maintaining 
power system stability is largely determined by the speed with which 
secondary arc extinction and hence autoreclosure can be achieved. 
Realistic simulation techniques are of obvious importance in relation 
to the design of systems employing s.p.s. and, in this work, methods 
have been developed to enable the faulted response of e.h.v. feeders 
subjected to secondary arcing phenomena to be more realistically sim­
ulated than has hitherto been possible.
The simulation of the secondary arc path, in particular, has 
hitherto represented a particularly difficult problem in both analog 
or digital based system studies, but the present work indicates clearly 
that it is now feasible to incorporate realistic arc models into 
practical system studies. The new techniques are particularly applicable 
to power transmission system planning activity, and in view of the 
complexity of the secondary arcing process and its interaction with the  
system, emphasis has been placed upon developing methods that enable 
experimental data relating to arc behaviour to be incorporated into a 
particular study.
To some extent, the work underlines the desirability of further 
experimentation to define more fully some of the behavioural character­
istics of long low current unconstrained arcs. Nevertheless, the results 
here obtained using current available information are encouraging in that
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many of the features of the response of systems, as observed during 
actual field tests, have been o b s e r v e d  ,
The simulation methods developed in this work are general, and 
they can be used for different system configurations. The fault can 
be applied anywhere along the line at any instant, i.e. the angle of 
the voltage at the fault point can be varied freely. Breaker opening 
and reclosure can occur at any point on wave. Secondary arc path can 
be represented by a zero or small constant linear resistance, by a time 
dependent linear resistance or more realistically by the non-linear 
representation developed. Furthermore , the fault can be applied on 
any phase with the line transposed or non-transposed and sources can 
be arbitrarily chosen.
However, the digital computer program has been specifically used 
in the following studies on 500 kv system -
1. To obtain more realistic assessment of the likely 
extinction times associated with 120 km uncompensated line.
2. The effect of the 4-legged reactors on reducing the dead 
time, in 300 km transposed line.
3. The possibility of using 4-legged shunt reactors on 200 km 
untransposed line.
4. The effect of shunt reactor with directly grounded neutral 
on the extinction time and reclosing overvoltages.
5. To determine the system and neutral reactor overvoltages 
during the whole process of single pole autoreclosure.
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6. To obtain more realistic current and voltage waveforms 
which are used as data for the power line protection 
equipment.
The computational results presented in chapters C8) and (9) cover 
in detail the above mentioned effects and the conclusions to be drawn 
are given below.
a) Without shunt compensation;
1. The recovery voltage waveform is almost fully offset. Its 
peak to peak value is approximately 2/T times the steady-state r.m.s. 
value.
2. The secondary arc current waveform is very non-linear and it 
has very high transient peaks before final arc extinction.
Findings 1 and 2 have been observed experimentally, and the waveforms 
obtained here compare very favourably with experimental results^^*^*^*^^*^^^ 
This provides very valuable indirect validation which is evidence of
the validity of the new computational method developed.
3. For the 120 km transposed line under study, extinction times 
of the order of 0.31s have been predicted. In this respect, it is 
worth recording that such results confirm the validity of the practice 
of setting dead times to approximately 0.5s in applications where the 
secondary arc current is limited to about 20A on a simple steady-state 
basis. Hence, the steady-state values of the secondary arc current 
and induced recovery voltage may be taken as effective parameters to 
indicate the condition of the arc extinction.
4. The conditions for secondary arc extinction are greatly 
improved by transpositions, because they considerably reduce secondary 
arc current and induced recovery voltage.
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5. Extinction time is increased as the line length increases, 
even for the same recovery voltages. The result shows that the 
extinction time for a 20A (jr.m.s.l current with 115 kV peak to peak 
recovery voltage is approximately 275 ms, while the extinction time
for 43.5A with the same recovery voltage is approximately 450 ms. These 
findings compare very favourably with experimental results^^*^*^^*^^^.
6. Representation of the secondary arc path by a time dependent resistance 
cannot be used to predict the extinction time, or predict accurately
the secondary arc current and voltage waveforms.
b) With shunt compensation;
1. The recovery voltage waveform in the shunt compensated system 
is symmetrical but it has the beating characteristics. Steady-state 
value is not reached before one second. The first peak in the recovery 
voltage is much lower than the steady-state value, however, its rate
of rise depends on the shunt reactor parameters. These findings compare 
very favourably with experimental results observed by several
authors(71'18.21.13.17).
2. Secondary arc extinction time is found to depend on the steady- 
state value of the secondary arc current and on the first peak of the 
recovery voltage.
3. The extinction time of the secondary arc for a 300 km trans­
posed line is found to vary between 0.15s and 0.35s, when the line is 
equipped with two 4-legged reactors designed to reduce the capacitive 
component of the secondary arc current to 20A (r.m.s.)
4. The capacitive component of the secondary arc current and 
voltage can be reduced to a very small value if an optimum neutral
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reactor is used and the line is transposed.
5. Power transfer direction is found to have a very significant 
effect on the extinction time if the line is transposed. It is found 
that the extinction time is always higher at the power exporting end.
6. The first peak in the recovery voltage waveform is found to
increase as the extinction time increases.
7. The very high transient peaks in the secondary arc current
and voltage waveforms are found to be less than that in the uncompensated
line. However, it is found that the magnitude of the peaks just before 
the final extinction could be twice the peak which is observed in 
linear arc path simulation.
8. The steady-state value of the recovery voltage cannot be used 
to predict the extinction time in shunt compensated system.
9. Shunt reactors with directly grounded neutrals do not aid 
the extinction of the secondary arc, even if the resonance region is 
avoided. For the system considered it is found that the recovery 
voltage could reach 175% of the peak phase voltage. However, simple 
steady-state calculations show that the recovery voltage is only 92% 
of the peak phase voltage.
10. The transient overvoltage across the neutral reactor can be 
reduced if the neutral reactor is chosen to reduce the capacitive 
component of the secondary arc current to 20A (r.m.s.). However, no 
significant voltage reduction during the dead time can be achieved 
because the voltage after arc extinction is not in a steady-state.
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11. Four reactor schemes can be applied to 200 km untransposed 
line. In this case the extinction time is found to be approximately 
380 ms.
12. The effect of the electromagnetic coupling is found to be 
more significant in the transposed line, and the power transfer 
direction has no significant effect on the extinction time if the 
line is not transposed.
13. Busbar termination is found to have no significant effect on 
the extinction time. However, it may affect the duration of the high 
noise period in the current and voltage waveforms.
14. Maximum overvoltage across the neutral reactor is found to 
occur for a fault at the middle of the line at maximum point on wave.
10.2 Future Work
The work presented in this thesis may form the basis for future 
investigations of short and long lines employing single pole auto­
reclosure with particular reference to the attaining of both feasible 
and more economic system designs.
Future work may therefore be carried out along the following lines:
1. The simulation techniques developed in this thesis may be used
as a reference to other work in the same field.
2. The simulation techniques developed can be used in the process
of programmable based real-time testing of power line protection equip­
ment. In this respect, the implication of protection malfunction caused 
by severe waveform distortion can be serious and it is clear from the 
present work that even disregarding the relatively severe arc re-ignition
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transients that are observed near final extinction, a linear resistance 
approximation to the arc path would not reproduce the significant non­
linear voltage waveforms that are fed to protective gear utilising 
voltage transformers connected to the line side of the circuit breakers.
3. In the present work, only a single-circuit 3-phase system 
has been considered. However, the secondary arc simulation technique 
presented is very general and its application to double-circuit systems 
is a future possibility.
4. A single line to ground fault may lead to faults involving 
more than one phase and hence the simulation of the simultaneous 
faults could be considered. In this case, the prefault conditions 
are effectively no longer steady—state but a single line to ground 
fault has to be simulated.
5. The simulation techniques developed for the secondary arc 
can be used to simulate the surge diverters across both the main and 
neutral reactors.
6. The simulation techniques developed here for the secondary 
arc can be used to predict the extinction time and the system behaviour 
in system employing high-speed grounding switches for s.p.s.^^^^.
7. The simulation techniques developed here can be used as a 
basis to predict the secondary arc extinction time in system employing 
modified four reactor s w i t c h e s .
8. The simulation techniques developed here could be extended to
include the use of series capacitors in e.h.v. and u.h.v. systems
(85)employing shunt reactors
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9. In predicting system and reactor overvoltages, high frequency 
voltage components up to only 2,5 kEz were covered in the present work. 
To cover higher frequency voltage components and hence more accurate 
prediction of overvoltages, a larger computer capacity is necessary.
As the present work carried out in ICL 2980. However, high frequency 
overvoltages due to the fault inception and breaker opening can be 
predicted within the present available capacity.
10. The future work should include the surge diverter of the 
neutral reactor.
11. The present breaker simulation technique can be used to 
incorporate closing resistorCs), if necessary.
12. Further practical work in the following area would be useful.
a) Effect of the magnitude of the secondary arc current on 
the rate of increase of the arc length.
b) Effect of the primary arc on the voltage gradient of the 
secondary arc.
c) Effect of the magnitude of the secondary arc current on 
the rate of rise of the re-ignition voltage.
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APPENDIX 2.1
STEADY-STATE CALCULATIONS ASSOCIATED 
WITH SINGLE-POLE SWITCHING
If s.p.s. is adopted, care must be taken that the secondary arc 
current is promptly extinguished, say in time to permit successful re­
closure in one-half second. The secondary arc is maintained by (1) 
shunt capacitive coupling and 02} longitudinal coupling from mutual 
inductance and resistance, between the disconnected, faulted phase and 
the energized, unfaulted phases. Both components increase with length 
of the line. The capacitive component is more important, being indep­
endent of line loading, and is the only one considered here^^^^.
4-legged shunt reactor can neutralize the capacitive component of 
the secondary arc current and voltage, but it has less effect on the 
electromagnetic coupling. The value of the neutral reactor which would 
neutralize the capacitive components of the secondary arc current and 
voltage, depends on the inductance of the phase reactor and on the line 
capacitance ratio CC^/C^). The effect of the 4-legged shunt reactor 
on the magnitudes of the secondary arc current, steady-state recovery 
voltage, and natural frequency of transient recovery voltage is derived
Consider a three-phase transposed line as shown in fig. 2.6a.
The fault is assumed to occur on phase 'a' by closure of switch F and 
is isolated by opening of circuit breaker CB, whereupon it becomes a 
secondary arc current 1^^^. Extinction of the fault arc is represented 
by opening switch F . The voltage across the open switch is then the
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recovery voltage. and can be calculated more simply from the
reduced circuit of fig. 2.6b, where the sound phases *b^ and 'c* are 
replaced by phase *bc' having an applied voltage equal to the average 
of and E^. In any reactor scheme designed for quenching the 
secondary arc, the inductance of the upper arm resonates with the cor­
responding capacitance at the supply frequency, giving a high (theoretically 
infinite) impedance, the lower arm generally does not resonate. Hence, 
the recovery voltage = 0.
While the secondary arc is present, it bypasses the lower arm, and
the current 1^^^ is proportional to the susceptance of the upper arm.
With this arm adjusted for resonance, I , as well as V , is zero.sec r
On any line with shunt reactors, the recovery voltage has, in 
addition to the steady—state components a transient component of a 
natural frequency f^, generally different from the supply frequency f^.
The result is a beat frequency f^ - f^. The circuit for determining 
the natural frequency is that of fig. 2.6c, formed from that of
fig. 2.6b by setting the applied voltage equal to zero, thus making
nodes ’be* and ’g’ become one.
A 2.1.1 Calculation of the Secondary Arc Current
The upper arm of fig. 2.6a has the susceptance
\  - V  - Cr, - (a2 .i.i)
and the lower arm has
B. = m C - r /w (A2.1.2)£ o o o o
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The degrees of shunt compensation are:
Positive sequence (h^) = ——  = ^ --- (A2.1.3)
'wo
Cl 1 o Ü) L-C.o i l
B  r  / t o
Zero sequence Ch ) = %—  =  — =--— x----  (A2.1.4)
° ®C0 ^ o %  (ô L Co o o
(43)From eqns. A2.1.1-A2.1.4 it can be shown that
B = |(u fC, (1 - h,5 - C (1 - h )‘l (A2.1.5)u 3 o | _ l  1 o o j
= to C (1 - h ) (A2.1.6)£ O O o
or
B + B, = i  u) r2C,Cl - h,) + C a  - h ) I (A2.1.7)u £ 3 o L 1 1 o o J
When switch F in fig.2-6 is closed, the secondary arc current is:
I^ec = jC-E/2 )B^ = j(E/2)(2u,^/3)[c^(l - h^) - C_̂ (l - h^)]
= - j (Eto /3) fc. (1 - h_) - C (1 - h )”1 (A2.1.8)o L 1 i o o J
The base current is the normal charging current:
I, = jto EC, (A2.1.9)b o 1
The normalized secondary arc current is:
I X  V =  I /I. = -(H, - kH )/3 (A2.1.10)sec(p.u.) sec b 1 o
where
C
= (1 - h^) , = (1 - h^) , and k = ^
Here, it must be pointed out that if two shunt reactors are required 
to reduce the secondary arc current to 20A (r.m.s.), in eqn. A2.1.10
should be set equal to -j20, and should be taken for the whole line.
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A2.1.2 Calculation of the Steady-State Recovery Voltage
When switch F in fig. 2,6b is open, the recovery voltage is that 
across the lower arm when voltage -0.5E is applied to the upper and 
lower arms in series.
B H - kH
\  W - k f  (A2.1.11)
u £ 1 o
The base voltage is normal line-to-ground voltage E.
V Ĥ  - kH
^r(p.u.) " F" " “ 2H^ + kH^ (A2.1.12)
A 2.1.3 Calculation of the Natural Frequency of Transient 
Component of Recovery Voltage
This is the natural frequency of fig. 2.6c, having a susceptance
By + B^ = [wC2C^ + C^) - C2r^ + ry)/co]/3 (A2.1.13)
The natural angular frequency is that which makes the susceptance 
vanish; it is
2 r  + r  1
^r " ^2C. + C (A2.1.14)
The base frequency is the supply frequency , which from the definitions 
of h^ and h^
^o "  ̂ ^h C CA2.1.15)1 1  o o
The natural frequency, normalized on this base is:
w 2h + kh ,
frCp.u.) = Zr = ( - y  + k (A.2.1.16)
Eqns. A2.1.10 and A2.1.12 are the basic equations used in this thesis 
to determine the shunt reactor parameters.
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It must be pointed out that the optimum neutral reactor for high
voltage lines of over 300 km should be selected from the full theoretical
C29)equivalent circuit , This provides an additional decrease in the 
secondary arc current in comparison with the case where the neutral is 
selected for compensation of the capacitive component only. For lines 
of less than 300 km in length eqn. A2.1.10 can be used for determination 
of the neutral reactor.
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APPENDIX 2.2
CALCULATION OF TRANSMISSION LINE PARAMETERS 
AND SOLUTION OF THE TRAVELLING WAVE EQUATION
The basic line parameter matrices are the series impedance (Z) 
and the shunt admittance (Y) matrices which are uniformly distributed 
along its length. For a multi-conductor line, the basic line parameter 
matrices have been f o r m u l a t e d f o r  realistic transient studies, and 
are presented in this Appendix. Other line parameter matrices such as 
surge impedance (Z^), surge admittance (Y^), and propagation constant 
are derived from these basic parameters.
A 2.2.1 Series Impedance Matrix
The series impedance matrix, consists of three main components
namely:
1. The impedance due to the physical geometry of the
conductors, which is due to the electromagnet!
couplings between them.
1C
2. The internal or self impedance, Z ^  .
3. The impedance which accounts for the earth return 
path, rz^J.
Thus the series impedance matrix of a multi-conductor line is of the 
form:
[z ]  = [ Z g  + Z^ + z j  (A2.2.1)
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The series impedance matrix |^zj and each of its component matrices 
are of the order 3p + q where;
p = number of circuits 
q = number of earth wires
A 2.2.1a Impedance Due to Physical Geometry
The impedance matrix due to the physical geometry of the line 
conductors shown in fig. A2.2.1 is of the form:
[ 2 g] = (A2 -2 -2 )
B is known as the charge-coefficient matrix and its elements are 
defined as:
B.. = log CD../d..) (A2.2.3)ij Lj ij
where :
distance between the ith conductor and the 
image of the jth conductor
d.. = distance between the ith conductor and theij
jth conductor (for i f j)
= radius of the ith conductor for (i = j)
A 2.2.1b The Self Impedance of the Conductors
Considering a single-circuit e.h.v. line with two earth wires, 
the self impedance matrix of the conductors is one where diagonal 
elements represent the self impedances of the phase conductors and 
earth wires and whose off-diagonal terms are zero as given by 
eqn. A2.2.4.
Fz 1 = r Z Z Z Z Z 1 (A2.2.4)L c J L sc sc sc se se J drag
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Since it is a common practice to bundle the conductors of e.h.v. lines, 
the self impedance of the bundled conductors is ;
Z = Z /N, sc ssc b
where
Z = self impedance of a sub-conductor of thessc
bundle.
= number of sub-conductors consisting the 
bundle.
The calculation of the self impedance of the conductors is complicated 
mainly due to the fact that it depends on too many factors such as 
stranding of the conductors, presence of steel core (in ACSR conductors), 
non-uniform current density (due to skin effect), frequency and other 
design features.
In practice two equations are commonly used. One is used for the 
low frequency range, less than or equal to 500 Hz, and the other for 
high frequency range, greater than 500 Hz.
For low frequencies, can be calculated by assuming a uniform
current distribution in the conductors, (and also the influence of 
stranding and the steel core of the conductor can be neglected). In 
this case the elements of the matrix given by eqn. A2.2.4 are:
[^c] " %dc + j il! (A2.2.6)
where :
Rj = dc resistancedc
r = phase conductor or earth wire radius
r = phase conductors or earth wire geometricgm






p = conductor resistivity
n = number of conducting strands
r = radius of each strands
As the frequency increases, the skin effects become more and more 
important. Due to the skin effect, the current density is not uniform 
throughout the overall radius of the conductors. The self impedance of 
the conductors is very much affected by the non-uniformity of current 
distribution. The conductor resistance increases with frequency where 
its inductance decreases as the frequency increases. Fig. A2.2.2 shows 
a typical variation of self inductance and resistance with frequency, 
which for computational efficiency, is stored in piecewise linearised
The self impedance of the conductors at higher frequencies (above 
2.5 kHz) may be calculated by the method suggested by Galloway et al^^^^ 
as followrs:
For phase conductors Cthe same thing applies to earth wires):




R = X = — .  ---------  (A2.2.8)
^ ^ /2r (n + 2)ito o
m = /(joy/p
r = radius of each outer strando
n = number of strands in the outer layero
k^ = factor accounts for conductor stranding - 2.25
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In the present work, the standard conductor is substituted by a solid
aluminium conductor of the same overall radius, and the self impedance
is evaluated on the basis of non-uniform current density due to skin
effect. This method is commonly used for design purposes for evaluating
f8 8 )the self impedance of ACSR conductors
A 2.2.1c Impedance due to Earth-Return Path
The contribution to the line series impedance due to the earth- 
return path, is calculated by using the infinite series developed by 
Carson^^^^. Carson's equations have been expressed in a form suitable 
for digital simulation by Galloway et al^^^^ and they are:
[Ze] = I f  [P + j Q ]  (A2.2.9)
[p] and Fq I are calculated in terms of r^j and 8.j, fig. A2.2.1 with
r^j = /(wy/p) (A2.2.10)
and have two different f o r m u l a e a c c o r d i n g  to the value of r^j 
greater than 5 (r^j > 5) , or smaller or equal to 5 (r^j 5).
A 2.2.2 Shunt Admittance Matrix
On the assumption that the air conductance of free space is 
negligible, the shunt admittance matrix of the transmission line contains 
only imaginary terms which corresponds to the capacitive couplings 
between the conductors, and the conductors and earth. It is a matrix 
of the order 3p + q, where p is the number of circuit and q is the 
number of earth wires. It is defined as:
= j27Ta)eF̂ 3  ̂ (A2.2.11)
where
 ̂ is the inverse of the matrix given by eqn. A2.2.2
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A 2.2.3 Elimination of Earth. Wires
Since the voltages and currents in the earth wires are not of 
importance, it is therefore necessary to eliminate elements in rows 
and columns corresponding to them in both series impedance and shunt 
admittance matrices. Thus the performance of the phase conductors, 
which is of interest, remains unchanged and the system analysis is very 
much s i m p l i f i e d ^ ^ ^ .
Earth wires are normally earthed at regular intervals, hence they 
can be assumed to have zero Cor near zero) potentials if standing 
voltages between towers are neglected. In this case elements in rows 
and columns corresponding to the earth wires of the shunt admittance 
matrix can be discarded. For the series impedance matrix, the earth 
wire elimination is done by inverting the matrix and then eliminating 
elements in rows and columns corresponding to the earth wires, and 
then reinvert it back.
A 2.2.4 Solution of the Travelling Wave Equation
Expressing in Laplace form, the voltage and currents at a distance,
x, from one end of the line of any homogeneous multi-conductor trans-




V and I are column vectors having elements representing respectively 
the Laplace transforms of the voltage and currents in all phase conductors.
Z and Y are respectively the Laplace transforms of the series impedance 
and shunt admittance matrices where the rows and columns corresponding 
to earth wires are eliminated.
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From eqns. A2.2.12 and A2.2.13:
= [ z ] [ ÿ ] [ v J  = [ f ] [ v ]  (A2 . 2 . 14)d^V
dX^
L dx^ J
= [y ][z ][î ] = [ p y [ l ]  (A2.2.15)
where
[ p j  = [z ][ÿ ] (A2.2.16)
T = matrix transposition
The matrix P j is a full matrix. Therefore the solution for [
and FiJ can be obtained by solving a set of simultaneous differential 
equations, eqns. A2.2.14 and A2.2.15. If, by some means of trans­
formation, the eqn. A2.2.14 or A2.2.15 can be written in a form of a 
set of differential equations which can be solved independently, the 
solution is much simpler.
Let a matrix, ^sj, a non-singular square matrix such that:
[ v j  = [ s][v] (A2.2.17)
From eqn. A2.2.14 and A2.2.17:
[ 5 ]  ■ C T ]
(A2.2.18)
where
^dJ = [s] (A2.2.19)
With a suitable choice of the matrix ̂ d J becomes a diagonal matrix.
Hence eqn. A2.2.18 contains a set of differential equations which can be 
solved independently. From the matrix theory it can be shown that ̂ DJ 
and respectively the eigenvalue and eigenvector matrices of the
matrix [pJ.
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The solution of eqn. A2.2.18 is:
V = exp(- Y x) V + expC y x) (A2.2.20)
where
Y = ^Td~ (A2.2.21)
and are constants of integration
By analogy to the system of a single phase transmission line, it
can be said that in multi-conductor transmission lines there are a 
number of waves, equal to the number of phase conductors, which propagate 
independently, each is characterised by its own propagation constant y^»
where y^ is an element in the matrix y .
Expressing in terms of original phase voltages, eqn. A2.2.20 can 
be written as:
V = S expC- y x) S + S exp( y x) S (A2.2.22)
where
V = S v , V  = S v  s s r r
From eqn. A2.2.15, the current in a multi-conductor transmission 
line can be shown to be:
Ï = S exp(- y x) S  ̂ - Y^ S expC y x) S ^
(A2.2.23)
where
= Z S y S (A2.2.24)
Eqns. A2.2.22 and A2.2.23 show the voltages and currents at any point, 
distance x from one end of the line. But if only terminal quantities of 
multiconductor transmission line are of interest it is possible to 
formulate two-port matrix equations from eqns. A2.2.22 and A2.2.23 by
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replacing x by zero and length of the line, £, and can be shown to be:
where Z
-1 -1S cosh y£ S S sinh y£ S Z
Y S sinh y£ S  ̂ Y S cosh y£ S  ̂Z o o o




It can be seen that eqn. A2.2.25 gives the transmission network equations 
in terms of the well known 'ABCD' constant matrices, where
A = cosh C^Z) , B = sinh (y£) Z^
C = Y^ sinh C^£) , D = Y^ cosh (y£) Z^
and
\p = SyS-1
cosh (}pZ) = S cosh Cy£) S




For a single-circuit, the dimension of any of the matrices given in 
eqn. A2.2.26 is (3 x 3). Eqn. A2.2.25 is the basic equation used in 
the analytical and digital analysis presented in this thesis.
A2.2.5 Determination of Eigenvalues and Eigenvectors
In the case where lines cannot be assumed fully symmetrical, eigen­
values and eigenvectors of matrix P can be calculated by using the 
root squaring m e t h o d w h o s e  efficiency depends very much on the values 
of the eigenvalues. It might fail to converge if they are very close 
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For the purpose of confirming the digital simulation presented 
in this thesis, a general source model based upon defined short circuit 
levels (s.c.i.) at the terminating busbar has been used^^^*^^^. The 
model can further be modified to incorporate a lumped capacitance to 
represent any stray capacitance of the busbar to earth plus the cap­
acitance of voltage transformers for metering or relaying purposes. 
However, this capacitance has been neglected in the course of the work
presented, because it complicates the process of verifying the simulation 
(47)as a whole . The basic source model is shown in fig. 2.9 and the 
source impedance matrix can be calculated as follows:
" S a ‘ "si * "nl "nl "nl T"Sa
"Sb = "nl "Sl " "nl "nl "Sb + \ b
"sc "nl "nl "Sl + "nl S c . 7sc.
(A2.3.1)
In a more general form to suit a (6 x 6) matrix simulation, eqn. A2.3.2 
can be used.
u "s' ’  \
"s. 0 u .  "s .
(A2.3.2)
where










1 0 0 ■ "o 0 0
u = 0 1 0 0 = 0 0 0
_ 0 0 1 _ _0 0 0 _
XA2.3.3)
In eqn. A2.3.1 the elements Zg^ and are calculated as follows
'Sl V^l /s.c.l.
" " t  " s i  = " s i  + j “ " s i  = " s i  + j " s i
(A2.3.4)
(A2.3.5)
Defining the X/R ratio Cat power frequency) of the sending and receiving
end sources, the two elements of eqn. A2.3.5 can be defined. This ratio
C47)may take any value between 30-100
The neutral source impedance Z^^ is calculated by producing both 









The zero/positive phase sequence impedance ratio (Zg^/Zg^) is among 
other source parameters which have to be defined. The parameters are
1. Short circuit levels, i.e. s.c.l,
2. X/R ratios at power frequency
"• "so/"si ratios
4. System line voltage (V^).




Fig. 2.14 shows the faulted system in which the fault is simulated
by a suddenly applied voltage source at the point of fault. It has
been shown in reference C47) that this voltage source is equal in 
magnitude and opposite in polarity to the prefault voltage of the 
faulted phase, at the point of fault.














where "f f ^fRf ’ * ^Rf* ^fSf’ V and Ig^ are the











C^, and represent the line constant matrices between the
fault point and the Sending end S.
B^, €2 » and D2 represent the line constant matrices between the
fault point and the receiving end R.
Yg^ is a 6 X 6 shunt reactor matrix.
If the shunt reactor is removed then Y _  can be replaced by unity matrix.
Applying the superposition principle, is the only voltage
source in the circuit of fig. 2.14.
[ V j  = -["ss][isfl
[ V ]  = ["sr] [ÎRf] (A2-4-4)
where Zgg and Zg^ are the sending and receiving ends simple/composite 
source impedance matrices respectively.
Substituting eqn. A2.4.4 into eqn. A2.4.1 gives
["ff] = [ 4  +
[îfRf] = [ " R ^ V s 3 [ \ f ]
from which
^^ff] " V s r J  ̂ R  V s R ^  [^fRf] (A2.4.6)
Likewise, using eqns. A2.4.2 and A2.4.3
["ff ] = - [ \  * V s f l  k  + °l"ss] t f S f ]  (A2.4.7)
Now, considering any general earth fault
[^ff] " [^ff] ̂  [^f] \}fSf ~ ^fRf] (A2.4.8)
(A2.4.5)
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where is a diagonal matrix of the required values of fault resistance
(Rj.) in each phase. Using eqns. A2.4.6, A2.4.7
[I - IfSf fRf
(A2.4.9)
Finally substituting eqn. A2.4.9 into eqn. A2.4.8
^£ f ' - [ [ [ " l ^ V s s ]  k  " V d " ' ]
* ["r + V s r ]  4i " V s 3 ]  " 4]  [:̂fSf “ IfRf
(A2.4.10)
Eqn. A2.4.10 relates the superimposed voltages to the fault current
[^fSf ^fRf] and can be written in the following form:
Vffs "aa "ab Zac h a
^ffb = "ba "bb "be h b (A2.4.11)
Vffc z_ ca "cb Zcc _ h e .
Consider now a single phase to earth fault involving the ^a' phase.
is the Fourier transform of a suddenly applied voltage of the form: 
sin(w^t + 6)h(t) (A2.4.12)
VfSa
h(t)
peak of the fault point prefault voltage 
phase displacement between the prefault 
voltage of phase 'a' and the reference voltage 
a unit step function
The currents and are zero because their phases are healthy, 
and eqn. A2.4.11 takes the simplified form:
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—
h f a Zaa
h f b = ^ba
-  ^ffc_ Z- ca_
[%.] CA2.4.13)
With reference to eqn. A2.4.13, the voltage transform is known,
so that the superimposed voltages in the sound phases are easily 
evaluated. The vector of transformed superimposed voltages from each
to earth. "ff-
h f a ' h f a
h f b = h f b
h f c h f c
0 0 
0 R̂  0
0 0 Rfj
fa
ifb = 0 
h e  “ 0
(A2.4.14)
The final step in the process involves computing the spectrum of the 
voltages and currents at the sending and receiving ends.
At the sending end S, the currents and voltages are related to the 
fault-point variables by eqn. A2.4.2, so that
’ h f  ' ' h h ' ' h f '
-T. fSf _ h \ _-hf_
[ h f ]  ["ssl [ h f l
[h f ]  = [ h ] [ h f ]  - [h][hf]
Therefore [ Vg J  = [ \  + ["f f]
[ h f ]  = - W ' k f ]
Likewise, using eqns. A2.4.1, A2.4.4






[ y  = h R ] " ' [ \ f ]  (A2.4.18)
Finally the voltage transforms of the voltage across the neutral 
reactor can be calculated as follows:
Z
^Sn ~ + VgfC3)) 2 + 3Z
P n
^Rn " (VRf(l) + 2 + 3ZP n
(A2.A.19)
The faulted point, sending end, and receiving end voltages and currents
(47)transforms are converted to time domain via the inverse transform , 
and are added to the corresponding prefault steady-state variations 
to obtain the complete fault-transient waveforms.
It must be pointed out, that eqn. A2.4.15 is rather different 
from that which is shown in reference 47. This is due to the fact that 
the latter formulation applied to an untransposed line, and eqns. 19 
and 29 (in reference 47) cannot be used at the same time in a transposed 
line. However, eqn. 19 is true only if the line constant matrices, in 
the transposed line, are multiplied from the fault point to the sending 
end. While eqn. 29 is true only if the line constant matrices, in the 
transposed line, are multiplied from the sending end to the fault point.
In this thesis, the matrices multiplication, due to the line 
transposition and the shunt reactors, are carried out from the sending 
to the receiving end in the steady-state formulation. While in the 
transient formulation, the multiplications are carried out from the 
fault point to the sending and receiving ends.
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APPENDIX 3.1
EVALUATION OF THE GENERAL ADMITTANCE MATRIX
With reference to fig. 3.2 the transforms of the voltage components 
and on the line side of the breakers are obtained by noting
that^34,47)^
^S3 ^SS3 ^S3 ^SS ^S3 " ^S3
^R3 ^RR3 ^ ^R3 ”^SR ^R3 ^R3
(A3.1.1) 
(A3.1.2)
Also, the variation of the relaying point voltages and currents are 












^FF3 *1^S3 ^1^83 (A3.1.5)
^FS3 S^S3 ^1^83 (A3.1.6)
^FF3 “̂ 2^3 " ®2^R3 (A3.1.7)
^FR3 "^2^R3 ^2^R3 (A3.1.8)
At the fault point:
^FF3 ^FF3 ^F ^FR3 ^FS3 (A3.1.9)
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from eqns. A5.1.2 and A5.1.8
[  ^2 *  ^2^Sr J^FR3 ° R ^R3 ^2^R3
from eqns. A5.1.1 and A5.1.6
^FS3 [ + ^i^sS J ̂ S3 " ‘'1^33
• ■ • [ipR3 - ÏF33 ] = ClSs3 " '=2^R3 + “ll^R3 ' «12^33 ^3.1.10)
where
^ 1 1 ® 2 ^2^SR
^ 1 2 " ^ 1 ^l^SS
from eqns. A3.1.7, A3.1.9, A3.1.2
Î " \^2 ^2^Sr] ^FF3 “ \^2 ^2^Sr] IJfJ [^FR3 ^FS:^
\^2 ■*■ ^2^S^ ^  ^R3
R3
+ I Bn + A^Z
or




from eqns. A3.1.5, A3.1.1, A3.1.9
^S3 " *11^FF3 ^22 [^FR3 ” ^FS3] ^33^53 (A. 1.12)
where
A11
^ 2 2 *1 1 ^F
A 33 = A33A3
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Substituting eqns. A3.1.11 and A3.1.12 into
[ - ^F83 "] " ®^12^FF3 ^13^R3
where
Hki2 = Hk^ Hk^
Hki3 = Hki Hk^
«^14 = Hk_ Hk, 1 4
and
H^l = U + H^2^22 ’ ^1^22
Hk^ = ^1 1 ^ 1  ” ^ 2 ^ 1 1
Hk^ = H1 1AA3 - C,
Hk^ = ^12*33 " ^1
Substituting eqn. A3.1.13 into eqn. A3.1.11
^R3 = ^12^FF3 ^13^R3 " ^14^83
where
AA3 + AA^Hk^^
**13 " AA3 + AA^Hk^^
**14 = AAjHk^^
Substituting eqn. A3.1.13 into eqn. A3.1.12
:S3 - ™12^FF3 ™14^83 ™13^R3
where
™ 1 2  ' All + A^^Hk^^
™ 1 3  = ^22^13






























It is important to note that the (9 x 9) admittance matrix in eqn. A3.1.17 
is essentially a universal relationship which can be computed and stored 
at all spectral frequencies of interest. This eqn. can be used for 
fault simulation as well as breaker opening and closing. In this thesis 
the admittance matrix which is used is (9 x 5 x 4096). However, the 
choice of the five column depends on the faulted phase.
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APPENDIX 5,1
NUMERICAL SOLUTION METHOD FOR 
SECONDARY ARC PATH
With reference to eqn. 5.5, the eqn, for solution is;
Z^Ct - T)i^^^(T)dT (A5.1.1)
o
The integral part of eqn. A5.1.1 can be solved using the Trapezoidal 
rule in which time t is split into discrete intervals AT:
1
(A5.1.2)
where Z^(m) ~ Yi\ f  exp(jwmAT)dw, m = 0,n
Now at t = 0, i Ct) = 0. Thus i (0) = 0 and eqn. A5.1.2 can be arc arc
written in the more succinct form:
nAT Z (0)i (n)AT
/  Z^(t - T)iarc(T)dT =  2----
o
n— 1
+ I Z (n - k)i (k)AT (AS.1.3)
k=l
Eqn. A5.1.2 is strictly valid only for n = 2,3,..., the Trapezoidal
approximation for the first step n = 1 being:
AT
f Z (t - x)i (T)dT = Z (0)i CDAT/2 (A5.1.A)1 o -l C 1 0.1TCO
Substituting eqn. A5.1.3 or A5.1.4 as appropriate into eqn. A5.1.1 and 
noting the discrete relationship between the arc voltage and current, 
given in eqn. 4.13, we obtain:
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e (1) = fü^^^Ü),!) + Z tO)i (l)AT/2i arc T arc
e 3 .Cn) = f(i^^^Cn),n) + Z 3 .C0 )i^^^(n)AT / 2
n-1




STEADY-STATE CALCULATIONS OF THE 
SECONDARY ARC CURRENT
In order to determine the capacitive components of the secondary arc 
current and the recovery voltage, consider the equivalent circuit for a 
three phase line. This can be represented by a network of six capacitances, 
i.e. the three mutual capacitances ̂23* ^31 the three zero
sequence capacitances C^^, CgQ, and C^^ as shown in fig. A8.1a.
Assuming that the phases are non-symmetric, these capacitances 
are different but, for a transposed line, the transposition of the phases 
equalises the mutual capacitances on the one hand and self capacitances 
on the other. Therefore consider the average of the capacitances 
^1 2 * ^23* ^31 the average of the capacitances C^q,
This simplifies the equivalent diagram of a three-phase line of 
fig. AS.la to fig. A8.1b.
Consider a single line to earth fault on phase *2', and is then 
isolated from the source by opening the circuit breaker CB (fig. A8.1c).
The secondary arc current which passes through the capacitance
(3)C when the arc resistance (assumed to be zero) is shunted to earth is : ra
If the arc is extinguished (fig. A8.1d), phase 2 becomes charged 
capacitively. A simple calculation gives the recovery voltage charged 
in the isolated phase:
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-E,̂  (A8,l,2)
^ ^ f m
C3)Maury shows that if the secondary arc path resistance 
(fig. A8.1e) is included in the calculation of the secondary arc current, 
eqn. A8.1.1 becomes:
-jw C E
K e c  " 1 + jR CC + 2C )o) CA8.1.3)a o m o
^sec " 1 + jR C(f^+ 2C )w CA8.1.4)a o m o
The resistance R^ introduces, therefore, a phase difference <|) in the 
current whose tangent is:
tan (p = R CC + 2C )w (A8.1.5)a o m o
and reduces the secondary arc current by a factor of cos <p so that:
I’ = I cos d) sec sec
The author states that, the secondary arc resistance does not exceed
1000 in a 220 km test. The author pointed out that, for a 400 km
line, the drop in the secondary arc current due to 1 0 0 0 resistance 
is only 13%.
For the 120 km line, under study in chapter 8 :
CC + 2C )u = 4.18934 x lo'^o m o
^4ec(R^=1200m) " 0.893452 Igec(R^=0.5n)
sec(R =12000) 21.83 A (peak)
A closer examination of fig. 8.23a shows that the secondary arc current 










Fig. A8.1.1 Diagrams illustrating the calculation of the
secondary arc current and the recovery voltage
(a) Equivalent circuit for a three-phase line
(b) Simplified diagram of a three-phase transposed line
(c) Circuit used to calculate the secondary arc current
(d) Circuit used to calculate the recovery voltage
(e) Circuit used to include the secondary arc resistance 
effect
